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ABSTRACT
Charge State Dynamics and Quantum Sensing with Defects in Diamond
By
Jacob Henshaw
Advisor: Carlos Meriles

In recent years, defect centers in wide band gap semiconductors such as diamond, have
received significant attention1,2,3,4. Defects offer great utility as single photon emitters, nanoscale
sensors5,6, and quantum memories7,8 and registers for quantum computation9. Critical to the
utility of these defects, is their charge state.
In this dissertation, experiments surrounding the charge state dynamics and the carrier
dynamics are performed and analyzed. Extensive studies of the ionization and recombination
processes of defects in diamond, specifically, the Nitrogen Vacancy (NV) center, have been
performed10. Diffusion of ionized charge carriers has been imaged indirectly through the
recapture of said carriers by optically active defects such as the NV center and the Silicon
Vacancy (SiV) center11. With proper understanding of the carrier dynamics, diamond stands to
be a strong competitor in the field of spintronics for quantum information processing12.
Additionally, the understanding of these charge state dynamics is utilized in a novel proof of
principle experiment, showing that the NV center defect’s charge state could serve as an ultradense 3D memory platform13.
The NV center has also been used as a nanoscale magnetometer14. The high degree of
spin polarization and the ease of manipulation of the NV allows us to transfer this polarization to
other spins in the diamond and assists in the detection of spins outside of the diamond.
Ensembles of Nitrogen Vacancy centers can be used to perform NMR spectroscopy of sample
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volumes not achievable through traditional methods15. The operating mechanisms of the
magnetic resonance aspects of the NV center will be discussed in depth. Work surrounding the
control and polarization of the NV center’s host nitrogen spin will be covered16. The topic of
sensitivity and methods to improve that sensitivity will be covered as well.
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Preface
This dissertation will be separated into two parts. One portion describing the optical and
semiconductor properties of diamond and its point defects. This will be done through explanation
of my published work and summaries of other works to provide background information on the
topic. I will cover the nature of the charge state of defects in diamond, specifically the
substitutional Nitrogen (P1 center), the NV center, and the SiV Center. The ionization and
recombination dynamics of these defects are discussed in a pair of papers that I worked on
during my PhD10,11. The understanding of these dynamics and the stability of the charge state of
the NV center suggests that the defect’s charge state could be used for a classical bit. This idea
was realized in a set of proof of principle experiments13. How the results of this experiment
compare to commercially available memory technology and other experimental technologies is
discussed as well as possible methods of improvement to increase the density of the classical
memory.
The second portion will focus on using the NV center as a magnetometer, a device for
sensing magnetic fields, and as a platform for quantum information processing. The NV center
has been used in many frontier experiments in fields of sensing and quantum information,
ranging from performing magnetic resonance spectroscopy of nanometer sized volumes17 at
ambient temperatures or showing entanglement across long distances18. I will discuss the
techniques and methods used in the fields of quantum sensing and information that have,
centered on previous unpublished work and planned/possible work. The concept of sensitivity
will be discussed as well as possible methods to improve sensitivity. Included in this section will
be a discussion of sample implantation and annealing methods for generation of defects as well
as surface treatment processes to help stabilize the defects.
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Both portions will follow the same structures of introducing the basics, discussing the
significant results and impacts of my work and then discussing and suggesting methods and
experiments to move forward in the fields. The directions of my research, magnetometry with
NV centers and charge state manipulation, are quite strongly connected. The NV center’s
magnetic properties are only worth talking about in the negatively charged state (NV-). The
dynamics of the charge state and their dependence on the spin state of the NV- has led to new
readout techniques.
This dissertation is formed from the following papers as well as unpublished and ongoing
research.
1. “Spin readout via spin-to-charge conversion in bulk diamond nitrogen-vacancy ensembles”,
H. Jayakumar, S. Dhomkar, J. Henshaw, C.A. Meriles, Appl. Phys. Lett. (Submitted 2018)
2. “On-Demand Generation of Neutral and Negatively-Charged Silicon-Vacancy Centers
in Diamond”, S. Dhomkar, P. R. Zangara, J. Henshaw, and C. A. Meriles, Phys. Rev. Lett.
120, (2018).
3. “Long-term data storage in diamond”, S. Dhomkar, J. Henshaw, H. Jayakumar, C.A. Meriles,
Science Adv. 2, e1600911 (2016)
4. "Optical patterning of trapped charge in nitrogen-doped diamond", H. Jayakumar, J.
Henshaw, S. Dhomkar, D. Pagliero, A. Laraoui, N.B. Manson, R. Albu, M.W. Doherty, C.A.
Meriles, Nat. Commun. 7, 12660 (2016)
5. “Recursive polarization of nuclear spins in diamond at arbitrary magnetic fields”, D.
Pagliero, A. Laraoui, J. Henshaw, C.A. Meriles, Appl. Phys. Lett. 105, 242402 (2014).
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1. Dynamics of Carriers and Defect Charge States in Diamond
Diamond is a wide band gap semiconductor. The transparent nature of diamond comes
from the fact that the band gap of diamond is roughly 5.5 eV. Visible light (400-700 nm or 3.1
eV to 1.77 eV) cannot be absorbed by pure diamond. In heavily defected diamond you can see
discoloration. Samples with high nitrogen concentration have a yellow tint, and electron
irradiated diamonds that have been annealed turn a dark red color. Defects that lead to this
discoloration are called color centers. These defects lead to highly localized electronic states
inside the band gap. There do exist two-dimensional and one-dimensional defect chains,
platelets, dislocations, and grain boundaries. This dissertation will focus exclusively on a select

Figure 1.0.1 A set of diamonds with various concentrations of defects and different types of defects. The first (from
the left) sample started with ~100 ppm (parts per million) P1 concetration. The sample was irradiated by an
electron beam to generate vacancies. The sample was then annealed at around 900 C° to allow for vacancy migration
to form NV centers. The second sample is a high nitrogen concentration sample, roughly 100 ppm P1 center
concentration. The sample shows no NV fluorescence. The third sample has <1 ppm P1 concentration. This gives it
a transparent look. The sample has ensembles of NV centers and SiV centers. The last sample (furthest to the right)
is an electronic grade sample with less than 5 ppb (parts per billion) P1 center concentration. One surface has been
implanted wth 15N ions in order to increase Nitrogen concentration near the surface and create vacancies. The
sample is annealed similar to the first sample. This generates single NV centers near the surface of the diamond.
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few of the point defects in diamond. These states inside the diamond can be ionized, that is,
have an electron excited from the localized defect state to the conduction band and they can be
recombined by exciting an electron from the valence band into the localized defect state. These
behaviors can be characterized through an optical and electrical techniques such as optical
absorption, cathodoluminescence, and photoluminescence. Our work is focused on
photoluminescence of these defects.
1.1 Defects in Diamond
The following section will focus on the background of the defects considered in the
models in the Jayakumar et al.10 and Dhomkar et al.11. These defects being the NV Center, SiV
Center, and P1 centers (see Fig. 1.1.1). This section will focus primarily of the optical and
electronic properties of these defects. The spin/magnetic properties of the P1 and the NV will be

Figure 1.1.1 A diagram depicted the level structure of diamond and the defects and their different charge states
under consideration. The ball and stick models are rendered in MATLAB.
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discussed in the second half of the dissertation. The following sections will focus primarily on
the absorption, emission if any, and the relative energy to the conduction and valence band.
Additional methods exist for gaining information on defects in semiconductors like
diamond. Much of the first information on the defects under consideration came from Electron
Paramagnetic Resonance (EPR). EPR centers on the magnetic resonance signal of the unpaired
spins in the defect. The magnetic aspects of the NV center will be covered in depth in the second
portion of the dissertation.

1.1.1 NV Center
The following information is gathered from a few reviews. Some critical reading for the
introduction of the NV center and optically active defects in diamond in general include Doherty
et al.19, a review of the electronic structure of the NV- and NV0. This review contains all the
information one would want about the defect and then some. It is an excellent theoretical review
of the NV, making it a moderate chore to dig through for an experimentalist. The most accessible
discussion of the NV center and its charge state is
Aslam et al20. This work served as the starting
point for most of the work to be discussed in this
dissertation. The work describes the ionization and
recombination rates for a single NV center at
different wavelengths. Another review paper worth
looking to when considering the optical properties
of defects in diamond is Aharonovich et al21.
Technical details such as quantum efficiency and

Figure 1.1.2 PL profile of diamond under green laser
illumination. The PL shows both NV0 and NV- as
well as SiV-

4

Debye-Waller factors are pulled from this paper.
The negatively charged NV Center (NV-) has a Zero Phonon Line (ZPL) at 637 nm, but a
large phonon sideband (PSB). Only 4% of the PL comes from the ZPL. The rest comes from the
PSB. The PSB extends up to 750 nm and is peaked at roughly 650 nm. Since the NV center
forms along the [111] axis of the diamond, it can appear in 4 different orientations, that is optical
dipoles can come in four different configurations. This leads to a polarization dependence in the
PL and on the excitation beam. This will be exploited later in magnetometry experiments. All
experiments performed here on the NV- center were at room temperature, making the fine
structure of the defect irrelevant. It is worth noting, in the typical confocal arrangement, most PL
is collected from the PSB. Also, worth noting is that the typical pump beam used for spin
initialization is also far off resonant at 532 nm. The spin properties of the NV- will be discussed
later. The NV- also exhibits a singlet ZPL at 1042 nm.
The NV center’s neutral charge state (NV0) has a ZPL at 575 nm and similarly broad
PSB. For the following experiments the NV0 charge state is viewed as a dark state, a state that
does not fluoresce significantly. Though a nontrivial amount of NV0 PL gets through our
dichroic filter, it is orders of magnitude less than that of NV-.
There is also another charge state, the NV+. Its optical properties have not been explored
thoroughly and has only found use in very limited magnetometry experiments. It can only be
achieved in specially prepared samples22.
1.1.2 SiV Center
The Silicon Vacancy Center (SiV Center) is not a new defect, but another defect that has
attained moderate popularity in the field of using point defects for quantum information and
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quantum communication. A large amount of work has gone into the SiV-. The aforementioned
review from Aharonovich discusses the SiV- defect21. Extensive optical and electron
paramagnetic resonance studies have been done on the neutral charge state as well23,24,25.
The Silicon Vacancy Center consists of an
interstitial silicon atom saddled between two
vacancies. Optically, the luminescence properties of
the Silicon vacancy defect, of both relevant charge
states, are superb. The SiV- and SiV0 have very
sharp ZPLs at 737(see Fig.1.1.3) and 946 nm

Figure 1.1.3 The PL Spectra for SiV-.

respectively. They have small PSBs. This makes the defect centers of great interest in quantum
communication and computation as they are great sources of indistinguishable single photons.
The SiV- defect has a low quantum yield of roughly 5%21,26 at room temperature. The quantum
efficiency of the SiV0 is not well known. Recent work seems to suggest that is may be on the
same order of the NV center25.
1.1.3 Substitutional Nitrogen
The P1 center, or substitutional nitrogen, exhibits no PL characteristics. However, the
defect does have optical absorption27,28,29. The absorption band related to the P1 center is
broadened and blue shifted from the thermal activation energy of 1.7 eV due to the Jahn-Teller
effect29. The positively charged substitutional Nitrogen exhibits no relevant optical properties.
1.2 Diffusion of Charge and Ionization and Recombination of Defects in Diamond
Here we focus on the dynamics of charges in diamond. The transport of carriers in the
diamond and the generation of the carriers will be discussed. The rate of generation and the
means of generation are covered. The trapping rates of carriers is also covered.
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These defects can be ionized and recombined. These processes lead to generation of free
electrons and free holes respectively. These free charge carriers diffuse. One aspect that can
influence the diffusion are electric fields and magnetic fields. The local electric and magnetic
fields from the defect sites themselves are observed to be negligible. In some measurements, an
external electric field is applied to see how the diffusion can be altered for certain charge
carriers. Besides local fields or global fields the dynamics is entirely driven by diffusion.
The dynamics of the carriers, both free and trapped, are described by a pair of second
order partial differential equations (PDEs) coupled with a system of coupled first order ordinary
differential equations (ODEs)10,11.
𝜕𝑛
= 𝐷𝑛 ∇2 𝑛 + 𝑘− 𝑄− + 𝑗− 𝑆− + 𝑘𝑁 𝑃0 − 𝜅𝑛 𝑛(𝑄 − 𝑄− ) − 𝛾𝑛 𝑛(𝑃 − 𝑃0 ) − 𝜉𝑛 𝑛(𝑆 − 𝑆− )
𝜕𝑡
𝜕𝑝
= 𝐷𝑝 ∇2 𝑝 + 𝑘0 (𝑄 − 𝑄− ) + 𝑗0 (𝑆 − 𝑆− ) − 𝜅𝑝 𝑝𝑄− − 𝛾𝑝 𝑝𝑃0 − 𝜉𝑝 𝑝𝑆−
𝜕𝑡
𝜕𝑄−
= (𝑘0 + 𝜅𝑛 𝑛)𝑄 − (𝑘− + 𝑘0 + 𝜅𝑛 𝑛 + 𝜅𝑝 𝑝)𝑄−
𝜕𝑡
𝜕𝑃0
= 𝛾𝑛 𝑛𝑃 − (𝑘𝑁 + 𝛾𝑛 𝑛 + 𝛾𝑝 𝑝)𝑃0
𝜕𝑡
𝜕𝑆−
= (𝑗0 + 𝜉𝑛 𝑛)𝑆 − (𝑗− + 𝑗0 + 𝜉𝑛 𝑛 + 𝜉𝑝 𝑝)𝑆−
𝜕𝑡
A charge continuity equation also serves to further constrain the system.

∭ 𝑒[(𝑃 − 𝑃0 ) − 𝑄− − 𝑆− + 𝑝 − 𝑛] ⅆ𝑉 = 0
𝑉

The first two equations describe the diffusion and carrier capture. The functions n(r,t)
and p(r,t) are the electron and hole carrier density. D is the diffusion coefficient for electrons
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(with subscript n) and holes (with subscript p). The three ODEs describe the ionization and
recombination dynamics of the defects. Q(r,t), P(r,t), and S(r,t) are the total densities of the NV
center, the P1 center, and the SiV center, independent of charge state. Q-, P0, and S- are the
densities of NV-, neutral P1 centers, and SiV- respectively. The parameters k-, k0, and kN are the
NV- photoionization, NV0 recombination (hole production), and P1 photoionization rates. The
parameters described with Greek characters are capture rates for carriers. κ, γ, and ξ, are the
trapping rates for NV centers, P1 centers, and SiV centers. The electron and hole capture rates
are denoted with subscript n and p respectively.
An important note about the ionization and recombination rates, is that they are power
dependent. The trend that these rates follow as a function of laser power gives insight into the
type of process that drives the ionization or recombination. If the rates change linearly with laser
power, they are driven by a single photon process. If they go quadratically with laser intensity,
this is indicative of a two-photon process. They are also, and more importantly, wavelength
dependent. They are also made position dependent in the model to simulate the Gaussian shape
of the laser beam. The general form of an ionization or recombination rate in our model is the
𝐼

following: 𝑟 = 𝐴 (𝐼 𝑒
0

−

𝑟2
2𝜎2

𝑛

) . The value n is the number of photons involved in the process, i.e.

a single photon process has n = 1 and a two-photon process has n = 2. σ is the beam waist of the
focal spot. I is the laser intensity and I0 is a reference intensity of 1 μW. A is the rate at the center
of the spot at the reference intensity.
It is well known from experiments that NV centers ionize from their negatively charged
state to their neutral state, by two single photon processes with 532 nm or 633 nm. The
recombination process, from the neutral state to the negatively charged state, also occurs via two
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single photon processes for 532 nm, but does not occur at all for 633 nm. These processes release
an electron in the conduction band and a hole into the valence band respectively. NV centers
cannot capture electrons from the conduction band, regardless of charge state. NV- can capture
holes. P1 centers ionize from their neutral state to their positively charged state by a single
photon process with 532 nm excitation, and, although very unlikely, the same process can occur
with 633 nm excitation. This releases an electron into the conduction band. P1 centers can
capture electrons in their ionized state, N+, and have a very low hole capture rate in their neutral
state. The final defect under consideration, the SiV center can be ionized from the negative
charge state to the neutral charge state through a one photon process with 532 nm excitation. It
can capture an electron from the conduction band in the neutral state converting it to the
negatively charged state.
1.3 Experimental Observations
With the physics of the defects established, the experiments used to build and test the
theories will be covered. The experimental setup, a homebuilt confocal microscope, is described.
With the confocal microscope, the ionization and recombination rates of the defects can be
measured. Understanding of the charge state dynamics allows us to selectively prepare certain
areas into a desired charge state. From here we can initialize the area into a well-known initial
charge state and then probe the charge dynamics caused by diffusion and trapping. The change in
the charge state caused by diffusion and trapping results in a change in the fluorescence profile
of the area, allowing us to indirectly image the charge dynamics10. By applying an external
electric field, the diffusion dynamics now change depending on the type of carrier, allowing us to
discriminate between electrons and holes11.
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Beyond this, the ability to selectively prepare the charge state of defects in diamond
provides an ideal platform for an optical memory. With the neutral and negatively charge version
of the NV center serving as the classical bit that the memory is based on, we present a proof of
principle experiment showing high density three-dimensional storage13.
1.3.1 Experimental Setup
Two different sets of experiments were performed; charge-based experiments and
magnetometry experiments. The core operation of the two setups are identical. Both setups are
performed on a fluorescence confocal microscope. The samples have a transmission line,
typically a thin copper wire, running across them to provide microwave and radio frequency
pulses to manipulate the nitrogen vacancy electronic and nuclear spins. The following will go
over the basics of the optical setup and the microwave electronics.
All charge-centric experiments were performed in a multi-color fluorescence confocal
microscope shown in Fig. 1.3.1. The confocal consisted of multiple wavelengths of light, with
633 nm and 532 nm laser light being used in all experiments. Lasers were pulsed using acoustooptic modulators (AOMs). The first-order diffracted beam is then fiber coupled into a single
mode fiber and output onto a dichroic mirror with a cutoff at 650 nm. The two beams are
combined, and power modulated using a half wave plate and a wire grid polarizer. The two
beams are configured to have orthogonal polarization and enter the polarizer through different
faces of the polarizer. The wave plates can be rotated to let more or less laser power through the
polarizer. From the dichroic mirror, the beams are directed onto a scanning mirror system. The
scanning mirror is used to scan the diamond sample and excite the defects inside the diamond.
Photoluminescence (PL) from the defects follows the beam path back through the objective, to
the dichroic mirror. We use a 0.4 NA objective. This value, along with the wavelength of light,
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determines the size of the excited region. All PL with wavelength above 650 nm is then collected
into another fiber and taken to an avalanche photodiode (APD). PL of wavelength below 650
nm, the PL is reflected on the dichroic mirror and does not reach the APD. Additional band pass
filters are added after the dichroic mirror to be more selective on PL wavelength. We use a band
pass filter from 710 nm to 760 nm to be more selective towards SiV- PL. A 655 nm to 690 nm
band pass filter when additional PL filtration is needed.

Figure 1.3.1 A diagram of the experimental setup for charge-based experiments. The lasers are
quickly pulsed using an Acousto-Optic Modulator (AOM). The beams are combined using a
polarizer and preparing the beams with orthogonal polarization. This also allows for easy
modulation of the power by altering the polarization with the wave plate. The beams are kept
collinear and Gaussian by going through a single mode fiber. The laser is scanned with a
galvanometer scanning mirror system and focused on to the sample. The photoluminescence
(PL) is collected by the objective and follows the incident beam path. The PL is filtered using a
dichroic mirror and detected using an avalanche photo detector (APD).
The microwave electronics for the charge control experiments are prototypical to most
NV center experimental setups. A MW signal generator is gated by a switch. The MW signal is
then amplified and sent to the transmission line. At the end of the circuit is a 50 Ohm terminator.
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After the amplifier is a circulator, to redirect any reflections from the transmission line away
from the amplifier.
1.3.2 Diamond Sample Properties
All charge based measurements were performed on samples purchased from Delaware
Diamond Knives (DDK). The sample was advertised as less than 1 ppm substitutional nitrogen
concentration. The sample has no advertised information on the SiV concentration. The primary
sample (referred to as Sample A) is a CVD grown plate with dimensions 2 x 2 x 0.3 mm. The
large faces are perpendicular to the [111] crystallographic axis of the diamond lattice. The
appearance of SiV is believed to come from silicon residue in the CVD chamber that the samples
are grown in.
The sample has no additional treatments such as implantation, irradiation, or annealing.
The sample is occasionally cleaned in piranha solution to remove any organic residue and to try
and minimize any parasitic surface conductance for the high voltage experiments. High voltage
experiments were done by making gates out of copper tape with Mylar spacers to help prevent
short circuits across the diamond. A hole is cut in one side of the tape to allow optical access for
imaging of the charge diffusion.
1.3.3 Measuring Ionization and Recombination Rates
For the NV center, an effective ionization rate for 633 nm laser intensity can be measured
directly. This is done by initializing the NV center in the negative charge state with a green laser
pulse and then measuring the fluorescence as a function of time under 633 nm excitation. A
strong decay in contrast is observed. It is an effective rate, because dynamics such as hole
capture are included in the dynamics. The fluorescence time trace can be fit to a multiexponential curve as seen in Fig. 1.3.2.
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Measuring the ionization and recombination rates for the NV center at 532 nm is a little
more involved. The measurements must be done in both fluorescence windows (655 – 690 nm
and 710 – 760 nm). Ionization of NV centers with 532 nm cannot be directly observed in
ensembles. The recharging of NV ensembles with green laser light can be directly observed. If
the NV is prepared to be predominantly in the NV0 charge state by long time exposure with 633
nm laser light, the PL recovery caused by excitation with 532 nm light can be observed if the
excitation power is low enough. With this data in hand, the steady state NV charge population,
and the initial charge population at the beginning of the recharging measurement, the ionization
and recombination rates for 532 nm excitation can be calculated.

Figure 1.3.2 Photoionization curves of sample A. The environment was prepared with a 1 second 532 nm laser pulse.
The region is then excited with a 633 nm laser while the PL is collected. These fluorescence time traces include PL from
both SiV- and NV-. At higher laser intensities, the dynamics become quite complex. At low laser intensity, the dynamics
are well described by just NV- photoionization.

The steady state charge state of the NV center after and during 532 nm illumination can
be determined from PL spectrum during the excitation, by fitting the ZPLs of NV0 and NV- and
Figure 1.3.2 Photoionization curves of our sample. The environment was prepared with a 1 second 532 nm laser pulse.
The
region is then
excited
with a 633
nm laser while
the PL is
fluorescence
time traces
include
comparing
their
individual
integrated
intensities
tocollected.
the totalThese
integrated
intensity.
Doing
this, PL
wefrom
both SiV- and NV-. At higher laser intensities, the dynamics become quite complex. At low laser intensity, the dynamics
are well described by just NV- photoionization.

find the steady state charge state after, and during a 532 nm laser pulse comes out to 70% of the
time to be in the NV- charge state and 30% of the time in the NV0 charge state.
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Starting with a simplified version of the rate equation for the NV charge state population,
neglecting any additional dynamics beyond ionization and recombination,
𝜕𝑄−
= 𝑘0 𝑄 − (𝑘− + 𝑘0 )𝑄−
𝜕𝑡
we have a set of 3 unknown variables, k-, k0, and C. These are the NV- photoionization rate, the
NV0 hole production rate, and the integration constant for the rate equation. The rate equation
can be integrated using simple separation of variables. By using the steady state population, a
ratio between the ionization and recombination rates can be established, putting a constraint on
the unknowns. A simple way of calculating the steady state population is setting the time
derivative of Q- equal to 0.
0 = 𝑘0 𝑄 − (𝑘− + 𝑘0 )𝑄−
Solving for Q-/Q, a constraint on k0 and k- can be established by using the steady state
population of Q-/Q =.7. This constraint is .7k- = .3k0.
Then, using the initial charge state population and the ratio of the ionization and recombination,
the solution to the rate equation takes on a functional form depending only on one of the three
unknowns. The initial charge state population of a bleached region can be determined by
comparing the starting point to the final point. Knowing the final point should be the steady state
population, in our case .7, the initial fraction of NV centers in the negatively charged state after
several 633 nm laser scans is found to be .07. The functional form with all constraints applied
becomes 𝑄− (𝑡) = 𝑄(0.7 − .63e

−(

t
)
1.429k0

) .This function is used to fit the recharging data.

From the fit parameter, the ionization and recombination rates can be extracted.
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1.3.4 Imaging Charge Diffusion
Thanks to the different PL profiles of the different charge states of the NV and SiV, the
PL from different charge states and defects can easily be filtered out from the other. The fact that
the defect charge states can be easily manipulated allows us to prepare an environment in a
certain charge configuration, for instance a region in a confocal scan can be prepared with half of
the scan in NV0 and the other half in NV-. By setting up an initial condition we can then induce
dynamics by parking a laser of some color somewhere in the confocal scan window. This will
start the ionization, recombination, and diffusion dynamics.

Figure 1.3.3 An example of charge patterns caused by parking a 633 nm laser (left) and a 532 nm
laser (right). The left region of both images was prepared into NV--SiV0 and the right region was
prepared into NV0-SiV0.
The laser, depending on wavelength, will ionize/recombine different defects at the excitation
point and in the tails of the focal spot. This generates free electrons and/or holes in the
conduction band and valence band that undergo a random walk about the charge carrier’s
ionization point. The 633 nm park depletes the central spot of electron by ionizing NV-. The
electrons diffuse away and are trapped by SiV0 which leads to the formation of a dim ring around
the park point (Fig 1.3.3). The 532 nm park ionizes and recombines NV-, providing a constant
flow of electrons and holes. The holes are captured by NV- converting them to NV0 in the
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surrounding region. The electrons are captured by SiV0 and converted to SiV- forming the thing
disk around the park point. The point itself is prepared into the steady state charge state
distribution. This results in a bright spot at the park point. We use this data to tune the capture
rates for the different carriers.
Invisible to the confocal imaging, is the P1 center. The P1 center can be ionized with 532
nm laser light. This contributes additional electrons to the environment. However, ionized P1 can
also capture electrons. A crucial observation in this work is that the SiV- can be ionized by a
single photon process using, 532 nm laser light, or 633 nm laser light. SiV0 cannot optically
recombine to SiV- using the available wavelengths. However, the dim ring around a red laser
park point suggest that SiV0 can be recombined by capturing a diffusing electron.
1.3.5 Identifying Charge Carriers
By applying a voltage across the sample during the ionization process, the diffusion
dynamics can be altered and become dependent on the type of carrier. After performing the
ionization with an applied electric field, we go to different planes in the diamond and perform a
confocal scan. This can tell us which carrier has been ionized, by knowing the direction of the
field and which planes have the most intense feature in the confocal scan.
Since, the electric field adds drift to the diffusive nature of the free carriers, the trajectory
of the carrier is more controlled. With electrons moving against the field, and holes moving with
it, we can discriminate between the two carriers. Also, since NV- centers can trap holes and SiV0
centers trap electrons, we can, indirectly, see the flow of carriers in the confocal scans of
different regions in the diamond.
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Figure 1.3.4 Data from the electric field ionization measurements of sample A. (a)The sample is
sandwiched between two pieces of copper foil which are connected to a high voltage amplifier. One piece
of foil has an optical aperture cut into it. (b) A red laser is parked for 20 s and a charge state preserving
confocal scan is performed at a plane about 20 μm from the surface for each voltage. (c) The pixel values
of each scan are summed and plotted for each voltage value.

The charge state environment is prepared by thouroughly bleaching the NV- and SiVpopulation with many 532 nm laser scans folowed by many 633 nm laser scans. The red laser is
then parked for 20 seconds to ionize any residual NV- or any P1 centers. During the park time, an
electric field is applied across the diamond at variable voltages ranging from -400 V to 400 V.
The high voltage amplifier actually only operates from 0 to 400 V. To get negative values the
terminals were flipped on the output of the unit. The park region is then scanned with a low
intensity (100 μW) 633 nm laser for each high voltage level. The PL from these scans (Fig.
1.3.4c) is integrated and plotted as a function of voltage. The parks and scanning are performed
close to the positive terminal (20 μm away), therefore the electric field for positive voltages is
pointing downward in Fig. 1.3.4a. As a function of electric field, the integrated intensity is
observed to start low, ramp up, and saturate at around 200 V. Since the environment is prepared
into SiV0, and the park ionizes electrons, the electric field pulls the electrons into the observation
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region and the electrons are captured by the SiV0. The negative voltages push the electrons away
from the observation region, reducing the chances for an SiV0 to capture an electron and thus
reducing the PL observed. At 200 V and above, the exact cause of the observed saturation is not
well known. A possible explanation could be the SiV0 centers have been saturated; all SiV0 in
the region have been converted to SiV-. Another possibility is that all of the generated carriers
have settled. Alternatively, we cannot rule out the possibility that the device, including cables
and electrodes, has saturated and the configuration is simply not able to reach electric fields
beyond 200 V.
1.3.6 Comparison to Model
The series of differential equations mentioned above has a sizable number of rates to
consider. While many of these parameters have been previously measured, namely the diffusion
constants for the carriers30, some of them have been directly calculated from measured data in
this work, such as the ionization and recombination rates for NV- described above. There are still
a few degrees of freedom which are uncertain or highly sample dependent. The values which are
not already measured are used as free parameters in simulations with the goal of achieving
quantitative agreement with charge state distributions that we image with confocal scanning. The
free parameters are j0, the SiV0 recombination rate, κn, the NV0 electron capture rate, ξn, the SiV0
electron capture rate, and S, the SiV defect density. Properties of the P1 center ionization,
recombination, and trapping; kN, γn, γp, were also free parameters, but they were constrained
from previous work10,30–33.
The amount of fluorescence in select wavelength ranges is the information that we have
direct access to. We can use this information to determine what percentage of the NV centers and
SiV centers in that region are in the negatively charged states. We simulate the diffusion
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dynamics of the coupled differential equations with different values for the free parameters and
adjust them manual observing the trends exhibited by the changes in the parameters.

Figure 1.3.5 The comparison of the charge diffusion model to data from sample A. (a) and (b) describe the
experimental sequences. (a) Is the sequence used to interrogate charge dynamics in NV --SiV0 initialized areas.
(b) Is the sequence used to interrogate charge dynamics in NV0--SiV0 initialized areas. (c-f) Experimental data
for the two sequences for both NV- PL and SiV- PL. (c-d) The data for sequence (a) in (c) NV fluorescence and
(d) SiV fluorescence. (e-f) The data for sequence (b) in (e) NV fluorescence and (f) SiV Fluorescence. (g-j) The
simulations of the charge dynamics for corresponding data.

The model is tasked to reproduce a collection of 4 test patterns; the SiV- and the NVFigure 1.3.6 The comparison of the model to data. (a) and (b) describe the experimental sequences. (a) Is the
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532 nm initialization laser intensity is 50 μW, and the 633 nm read out laser is at 100 μW. The
comparison between the measured data and the model can be found in the above figure 1.3.5.
The model is in good qualitative agreement with the data.
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1.3.7 Estimation of Energy Difference from SiV- Ground State to Conduction Band
With the ability to measure the ionization rate of the SiV-, it is also possible to measure
the energy separation of the SiV- ground state and the conduction band. This is done by
measuring the power dependence of the ionization rate at different wavelengths. By observing a
transition from single photon ionization behavior to two photon ionization behavior, the distance
from the band edge to the ground state can be estimated.

Figure 1.3.6 Extraction of SiV- ionization rate. A region is prepared with a 532 nm laser pulse of variable
duration and power. The fluorescence level is measured using a 633 nm laser pulse of fixed duration and power.
The signal collected from 710 to 760 nm(called BP3)(a) contains both NV - and SiV- PL. The signal from 655 nm
to 690 nm (called BP2) (b) has the SiV- ZPL and PSB cut out and is thus exclusively NV- PL. The two data sets
are subtracted to recover a signal that is purely SiV-(c). Strictly, the resulting signal should be BP3 – constant x
BP2, to account for the different PL intensities of the NV and SiV in the two bands. By looking and the PL in the
bands and attributing how much PL comes from which species, it is observed that this scale factor is 1.

A region is prepared into the SiV- state. Experimentally (Fig. 1.3.7a), this is done by
initializing a large square region into NV--SiV0 by a series of 532 nm laser scans. Then, a series
of 633 nm laser scans to deplete the NV- from the region. A 532 nm laser is parked at the center
of the region. Through the charge diffusion dynamics discussed earlier, a ring of SiV- is formed
around the park point. A point in this ring then has a laser of variable wavelength focused on it
and the ionization behavior is recorded with a 633 nm laser pulse.
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This is performed for three different wavelengths, 532 nm, 633 nm, and 692 nm. From
the charge diffusion discussion above, it is already stated that these 532 nm and 633 nm laser
light ionize the SiV- through a one photon process as shown explicitly in Fig 1.3.7b and Fig
1.3.7d. The ionization trace for the 692 nm laser (Fig 1.3.7c) shows that the ionization rate
changes quadratically as the laser intensity is increased. This is indicative of a two-photon
process and suggests that the ionization energy from the ground state of the SiV- is at least 1.9
eV. This not too far out of the range of previous work done a 77 K, where the photoionization
energy is deduced to be 2.05 eV from the conduction band edge34.

Figure 1.3.7 Estimating the energy distance from SiV- ground state to the conduction band edge. Through the dynamics described
previously, a region of NV and SiVs and be prepared deterministically with a series of multicolor scans and parks. A ring-shaped
region of SiV- is prepared through parking a green laser on a NV - -SiV- depleted region. Lasers of different wavelength are
focused on a portion of this region for variable duration and a charge state read out is performed.
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1.3.8 Charge State as Memory

The patterns formed with the NV center are very stable. They last for a seemingly
indefinite amount of time. The “dark spots,” consisting of NV0, formed with the absence of PL
from NV- can be formed on demand at any location in the bulk of the diamond. By moving the
focal spot of the confocal microscope and pulsing the red laser for about 1 ms, the NV centers in
the volume can be controllably ionized to NV0. Going to the same spot and exciting with the
green laser will recharge the NV0 center back to the NV- charge state. This creates a classical
two-level system, a bit. The NV charge state’s stability along with the ease of changing the
charge state make the defect a candidate for a dense three-dimensional classical memory
platform. Using ensembles of NV centers in a nominal 1 ppm Nitrogen concentration sample, we

Figure 1.3.8 An example of the grayscale storage of information using dense NV ensembles. The line scan is
formed by parking an NV- ionizing beam for different durations. The outer most dark regions are parked for 10
ms, and the central point is 50 ms. Each point in between had its park duration increased by 10 ms.

gain an additional degree of freedom in terms of data storage. With the charge state of the NV,
we can store data at any point in the entire volume of the diamond. However, there are typically
roughly 100 NVs in the confocal volume. We can controllably ionize some of the NVs in a
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confocal volume and allow us a sort of grayscale or gradient of information in a single confocal
spot.
A simple script was written in MatLab, that would take an image and convert that into a
series of voltages that are sent to the scanning mirror system. The beam would scan over the
sample in a stuttered raster scan, dwelling at points of lower intensity to further ionize the spot.

Figure 1.3.9 Information stored in different axial planes of the diamond. (a) Simple images are imprinted in
planes separated by 80 μm. This separation was chosen to minimize cross talk between planes. (b) The NV ionization profile for a 633 nm laser park of 50 ms at 200 μW. At this power and this duration notable out of
plane ionization occurs across a 60 μm range. (c) Simulated beam profile for a 633 nm laser focused using a
0.42 NA objective.
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We can also imprint images in different confocal planes. The separation of the planes is limited
by the axial resolution of the confocal microscope. This resolution is limited by the diffraction
limit as well as spherical aberattions of the objective.
An additional quality of this method of data storage that provides an advantage of some
comerically available options and many frontier technologies is the rewritability and lifetime.
Since the bit is an energetically isolated defect level inside the band gap of diamond, this
provides a robust bit insensitive to environmental bit flips. Due to the robustness of diamond as a
material and the relative energies required for the ionization and recombination of the NV center
there is no measurable deterioration in the bulk diamond properties or the defect properties after
many writes and rewrites.

Assuming our base diamond has 1
ppm P1 center concentration and the P1 to
NV conversion rate for untreated diamond
is roughly 1%, this corresponds to about
10 ppb NV center concentration. This
corresponds to 1.764 x 1015 NVs/cm3. In
an ideal limit where every NVs charge
Figure 1.3.10 Test of NV charge bit stability over many writes
and rewrites. (a)A bit is prepared in the ‘one’(NV-) logical
state and read out. Then the bit is prepared in the ‘zero’(NV 0)
logical state and read out. (b)No noteworthy variations are
observed over 100 readouts. A 450 nm laser is used to write
information in this measurement to increase write speed as the
NV- is ionized through a single photon process at 450 nm.

state is accessible and controllable, this
corresponds to a classical volumetric
memory density of 1.764 x 1015 bits/cm3.
Samples can have much higher NV
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densities, but the charge state stability is known to degenerate at 45 ppm NV concentration
(7.938 x 1018 NVs/cm3)35. This is explained by NV-NV tunneling and this density would
negatively impact the fidelity of the memory.
For reference, a Blu-Ray disc has roughly 1.937 x 109 bits/cm2. Since the nature of disc
media is only two dimensional, providing a fair comparison to the NV center memory is
difficult. An important note about rewriting with optical media, like DVD and Blu-Rays, is that
the writing and rewriting process is inherently destructive to the material. Traditional Hard Disk
Drives (HDD) have memory densities of roughly 2.077 x 1011 bits/cm2,36. Due to the mechanical
parts of standard HDDs, the lifetime of one of these devices is 3-5 years.
An idealized NV based memory can provide orders of magnitude over commercially
available technology. This ideal memory is also competitive with some frontier technology. The
most extreme case is that of DNA based data storage. In this platform, the information is
encoded in a DNA sequence37. The density of this platform is 8 x 1022 bits/cm3. This is
untouchable by the NV platform, however the DNA storage method, as well as some other
frontier techniques, are not rewritable. They are designed to be archiving platforms, not dynamic
memories. Chlorine-Vacancy complexes can be positioned on the surface of copper with
Scanning Tunneling Microscopy (STM)38. This 2D memory platform is rewritable and leads to
an areal bit density of 7.78 x 1013 bits/cm2. This method also requires low temperatures of 77 K.
Polymers can be cured using two beam optical beam lithography, in a configuration like
Stimulated Emission Depletion, to create 3-D bit patterns with information densities on the order
1015 bits/cm3,39. This is irreversible but holds the information for an indefinite duration. The
strength of the NV or, more generally, defect charge state-based memory like the NV center, is
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the combination of many relevant parameters: high density, rewritability, stability and these
parameters are available at ambient conditions.
The viability of, specifically, diamond with NV centers as a true optical memory platform
that could be realized as a consumer level device, or even a research level instrument, is pretty
much non-existent. The more general idea of optically active defects inside wide band gap
semiconductors, whose charge states can be easily manipulated and are long lived, is not
impossible to conceive of in a long-term device. The work discussed here should be viewed more
as a proof of principle experiment and less as an actual application of NV centers specifically.
There are some benefits that the NV center provides specifically such as the possibility of
diffraction unlimited microscopy and the adjacent nuclear spin as a possible ancillary memory.
1.4 Further work
1.4.1 Optimizing generation of SiV0
There is a wide range of possible experiments to continue the work presented here. Many
possible future experiments are centered around magnetic resonance and will be described in the
second half. For purely optical experiments, direct observation of SiV0’s formed by the low
power 532 nm excitation has not been seen. Optical detection of SiV0 has been done in specially
configured samples with controlled amounts of donor states( such P1 centers)23 or with
controlled number of acceptor states(such as substitutional Boron)25. Additionally, controlled
generation and stability of SiV0 requires a small number of carrier generating defects, that is,
defects with charge states that can be ionized. In Dhomkar et al.11, it is shown that the SiV0 is an
excellent electron trapping state. If the SiV concentration and the P1 concentration are both
relatively low (roughly 1 ppm), as in Dhomkar et al.11, the charge state of the SiV can easily be
controlled and converted back and forth from negative to neutral. Ultimately, proper sample
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control in terms of both impurities and optical exposure is the best approach to stabilizing and
optimizing SiV0 properties.
1.4.2 Expanding NV Memory through Super Resolution Microscopy and Redundancy
An additonal degree of freedom that could be of use in the 3-D memory scheme is the
nuclear spin state of the NV center’s host nitrogen. The memory experiment proposes the
populations of this spin state be used as additional redundent memory in case of ionization. We
show charge dependent polarization of the host nitrogen spin13 using a technique that will be
described in detail the second half of this dissertation. This will help protect against charge state
destruction from stray light causing ionization or recombination events to occur resulting in
accidental bit flips.
An additional improvement to the memory platform is the implementation of super
resolution microscopy. This technique can allow us to encode information in volumes smaller
than the difraction limit of light. Super-resolution imaging of NV centers has already been
implemented using a few methods. Of interest to the memory platform are; Charge State
Depletion40 (CSD), Ground State Depletion41,42 (GSD), and Stimulated Emmision Depletion43
(STED). This can be done by applying two overlapping excitation beams of different
wavelengths. One beam is a normal Gaussian beam mode and the other takes on a LaguerreGaussian beam mode in the shape of a ring or a doughnut (reffered to as a doughnut beam from
here on out). The wavelengths are chosen such that the Gaussian beam, usually 532 nm, excites
the NV- population in a region, and in the case of STED, the doughnut beam induces stimulated
emission in the NVs, bringing them back down to the ground state, in a ring centered at the
Gaussian beam. Both beams are diffraction limited, due to the fact that only a portion of the
region originally excited has undergone stimulated emission, the interior of the doughnut will
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still undergo spontaneous emission. This gives an effective point spread function that is much
smaller than the diffraction limit. In this case, using the host nitrogen spin as a auxillary memory,
is not integral but will help prevent any accidental recombination or ionzation through carrier
trapping or unlikely multi photon processes.
Another method of achieving the same result through different physics is CSD. The
experimental aparatus is the same, but the wavelength of the doughnut beam is chosen such that
it ionizes the excited centers instead of inducing stimulated emission. In this case, the reading
and writing data would be inherently destructive to the charge state of defects surrounding the
focal spot. This is the scenario where the ancillary memory of the NV center is of direct utility.
By using the charge dependent nuclear spin control, mentioned in the first paragraph of this
section,we can encode charge information in the nuclear spin. The nuclear spin longitudinal
relaxation time is on the order of 10 ms, giving us plenty of time to recover the previous charge
information from the nuclear spin.
Recent work has shown that the two methods are very wavelength sensitive, and it may
not be possible to have stimulated emmission of NVs without a small amount of ionization.
Work has been done to find an optimal wavelength for STED44 as well as measurements to find
the optimal pulse durations and laser intensities for STED while minimizing ionization45.
1.4.3 Expanding NV Memory Through Optimal Control
While the theoretical limits of what can be done with the NV memory are quite
impressive, reaching this theoretical limit has yet to be done, but is quite achievable. The
platform that we have presently can be optimized by considering changing a few variables in the
experiment. Without any sample engineering, read and write times can be greatly improved by
choosing ideal wavelengths. The reading process can be optimized by choosing a wavelength
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that has a high excitation rate but a low ionization rate and recombination rate. Similar problems
are confronted in a technique used in NVs known as Spin-to-Charge readout46. In this work,
which will be described in more detail in the second half, the spin information of the NV center
is encoded in the charge state by the defect’s spin dependent ionization rates. A 594 nm laser is
used to read out the charge state due to its increased excitation rate as compared to 633 nm. This
also leads to increased ionization and some minimal recombination. The ionization,
recombination, and excitation rates for NV- at a wide range of wavelength have already been
probed extensively in Aslam et al20. Tuning the PL read time such that ionization is minimal and
maximal information gained would result in a dramatic increase in the read time of the memory.
The read time of the memory has gone unmentioned as it is a very complex problem to address.
In the limit where the excitation spot is still diffraction limited, many NVs will be excited. To
distinguish between different grayscale levels with high precision, longer photon counting times
will be needed, which leads to longer excitation times. This ends with destruction of information
through ionization if not handled carefully.
Writing of information is also a moderately slow process. This can be accelerated by
using a single photon ionization process, instead of the two-photon process that is acting when
using 633 nm. It was shown theoretically that 450 nm would be the optimal wavelength for
single photon ionization12. This was validated experimentally in the Science Advances paper13,
where 450 nm femtosecond pulses were used to rapidly ionize the NV-. Transitioning from a two
photon ionization to single photon ionization provides a dramatic enhancement, decreasing
ionization times down to ~100 μs as compared to the 50 ms for the two photon process.
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1.4.4. Diamond as a Spintronics Platform
The primary motivation for all this work was to probe the viability of diamond as a
spintronics platform12. Initially, the aim was to polarize an electron spin in a NV- center, ionize
it, and direct the electron toward an NV0 with electric fields and capture it. The electron could
have information encoded in its spin before ionization, and this information could be transported
over macroscopic distances to another location and have this information utilized. These works
show a viable alternative for spintronics. The P1 center and the SiV0/- are quite effective at
capturing electrons. The quality of SiV and its charge states as a quantum information platform
have been well established25,47. Initialization, coherent control, and probing of P1 center’s
electronic spin state through the NV center has also been observed48. While the NV center may
not be able to serve as the sole component, using the defect’s interactions with other charged
defects would be core to a spintronics system in diamond.
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2. NV Center Based Magnetometry
The field that the NV- center (referred to as the NV) from here on unless charge state
distinction is needed) has become most popular in is the field of quantum sensing49,50,51. The
defect has been used to detect magnetic fields52,53, electric fields54, or temperature55–57 in
nanoscale and microscale volumes. All detection methods are based on the magnetic resonance
lines of the electrons in the defect. The primary focus of the coming sections is on the
magnetometry aspects of the NV, specifically AC magnetometry. The aspects of the Hamiltonian
that are involved in the other forms of sensing will be touched on briefly.
The utility of the NV center comes from the ability to controllably initialize and read out
the spin state, at room temperature, optically. A green laser pulse initializes the electronic spin
state and, if conditions are right, the host nitrogen nuclear spin state. Due to spin dependent
fluorescence, the spin state can also be readout optically. The spin properties, such as the
longitudinal and transverse relaxation times, are very good for solid state electronic spin systems
at room temperature. These properties make the defect centers very useful and highly effective
sensors.
This chapter will open with describing the experimental setup. While optically simpler
than the charge experiments, the microwave (MW) and radio frequency (RF) electronics are
more complex. The spin Hamiltonian will be looked at with a focus on the terms critical to
sensing. The mechanism behind the optical spin readout and spin polarization will be touched on.
The basic spin experiments will be looked at such as ODMR and Rabi oscillations.
The applications to magnetic resonance will be discussed. The different methods of AC
magnetometry will be covered in detail. Starting from spin echo, dynamic decoupling will be
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built on this ground work. Phase coherent and incoherent correlation spectroscopy will be
discussed. The limitations, strengths, and utilities are covered with primary focus on their
applications to magnetic resonance.
The topic of sensitivity and methods to improve sensitivity will be discussed. Methods to
optimize sensitivity, including using ensembles of NV centers and using alternative readout
methods will be covered. Additionally, optimizing standard read out methods will be addressed.
Specifically, ongoing work with ex situ magnetic resonance, with bulk ensembles of NV centers,
of mesoscopic fluids and how sensitivity applies to this, as well as spin-to-charge conversion
read out of bulk ensembles.
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2.1 Experimental Configuration

Figure 2.1.1 Depiction of the optics of the NV magnetometry experiments. Input power is modulated using a
Half-Wave plate(HWP). The laser goes through a polarizing beam splitter and to the Acousto-optic modulator
(AOM). The first order diffracted beam is sent through a Quarter Wave Plate (QWP) and reflected back through
the AOM. The first order of this beam goes through the PSB and to a single mode (SM) fiber to the confocal
scanning system. The remaining optics are the same as the charge setup.

For magnetometry experiments, only a 532 nm laser is used. One experiment described
uses a 594 nm laser to interrogate information on the charge state. The AOM is in what is known
as a double pass configuration and is depicted in Fig.2.1.1. The laser is input into a polarizing
beam splitter and directed into the AOM. The first order directed beam goes through a quarter
wave plate and is then reflected off a mirror and back through the AOM. This second pass has its
first order diffracted beam directed back into the polarizing beam splitter and is then coupled into
a single mode fiber. Another difference in the optics from the magnetometry setup is a polarizer
after the dichroic mirror on the PL collection path. This polarizer filters the PL depending on
polarization. This is to reject PL from NVs that are not aligned with the magnetic field.
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The magnetometry setup has much higher requirements in terms of MW stability and
phase control. Before going to the switch, the MW signal has a homebuilt In-Phase/Quadrature
(IQ) mixer with the Local Oscillator(LO) being provided by a MW signal generator and the
Intermediate Frequency(IF) provided by an AWG. The IQ mixer provides precise and quick
phase control, amplitude control, and frequency control through modulation of the IF signal. This
is useful in sequences such as dynamical decoupling and spin locking.

Figure 2.1.2 The microwave setup for NV magnetometry experiments. A Local Oscillator (LO)
signal is generated by a Rhode & Schwarz SMB100A and split into In-Phase and Quadrature
(I/Q) components with a power divider that generates a 90° phase shift between the two outputs.
I and Q signals are denoted by blue lines and red lines respectively. These outputs go to two
frequency multipliers and are multiplied with an Intermediate Frequency(IF) from an Arbitrary
Waveform Generator (AWG) that is also in an IQ configuration to suppress sidebands in the
frequency mixing process. The two signals are combined, and the resulting signal has the same
phase as the signals generated by the AWG. The mixed signal is gated by a switch which is
pulsed by marker channels on the AWG. The gated signal then goes to an Amplifier Research
30S1G4 MW amplifier and then to the wire.
2.2 Principles of Optically Detected Magnetic Resonance
The NV center’s primary mode of operation, for any sensing, is through monitoring the
defect’s fluorescence intensity. The discussion on this portion comes from a series papers over
the years. Namely, Robledo et al.58, Tetienne et al.59, and more recent work related to spin-tocharge like Shields et al.46 and Hopper et al.60. There are subtle points that heavily dictate the
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efficiency of the spin polarization and the intersystem crossing rates. It is not so simple to say
that if the electron is in one spin state the defect emits a photon and if it is in another spin state it
does not. Thanks to the defect’s electronic structure, the fluorescence is dependent on the spin
state of the electrons localized at the vacancy. The very same mechanism that makes the
fluorescence spin dependent also serves to “initialize” the spin state of the electronic spin. The
ground and excited states of the defect are spin triplets. The negatively charged NV is a spin-1
system, with three spin sublevels, ms = 0, ±1. The average excited state lifetime is about 10 ns. If
the NV center’s spin state ms = 0 and the NV is excited, the defect is most likely to just
spontaneously emit a photon, into the 637 nm ZPL or PSB as described earlier, after about 12 ns
on average. If ms = ±1 and the NV is excited, the NV has a higher chance of undergoing an
intersystem crossing (see Fig 2.2.1). This is when the system transitions from a triplet state to a
singlet state. The NV has ground, and excited singlet states separated by 1.19eV (1042 nm).
Once an intersystem crossing occurs, the NV is in the excited state of the singlet for a very short
time (less than 1 ns) and then relaxes to ground state of the singlet, emitting a photon at 1042
nm. It then stays in the singlet ground state for about 200 ns. This jamming of the cycle and the
fact that the intersystem crossing is spin dependent is where the Optically Detected Magnetic
Resonance comes from. While in the singlet state, no photons are emitted into the ZPL or PSB of
the triplet. After this 200 ns lifetime, the electron intersystem crosses again, returning to the
triplet ground state. This results in reduced fluorescence for ms = ±1 spin states as compared to
ms = 0. This process is not without leaks; a ms = 0 electron can end up going through an
intersystem crossing and a ms = ±1 does not necessarily undergo the intersystem crossing and can
relax and emit photons. It is simply an ideal set of rates that allows this and the following process
to occur.
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Figure 2.2.1: Optical Polarization and spin state readout in NV centers. The NV center’s PL is
dependent on its spin state due to a jamming in its fluorescence cycle caused by the intersystem
crossing into the singlet state. The singlet lifetime is much longer than the excited state lifetime
resulting in a reduction in fluorescence. Intersystem crossing rates are dependent on the triplet
spin state. NVs in the ms = 0 are much less likely to go through with the intersystem crossing and
this results in a population bias towards the ms = 0 state.
Now we turn our attention to the optical spin initialization/polarization process. When the
electron returns to the ground state from an intersystem crossing, it returns in an effectively
random spin state. This is an uninitialized or unpolarized spin. Polarization is a measure of the
likelihood of finding a quantum system in a given state. A mixed system has equal probability of
appearing in all possible states. A polarized state has a bias to being measured in one state over
others. The process of spin polarization occurs due to the selectivity of the excited state
intersystem crossing. If an ms = 0 electron is excited, it is less likely to undergo the intersystem
crossing and then be scrambled by the return to the triplet state. If the spin state is ms = ±1, it
does go through the intersystem crossing, and the scrambling provides an opportunity for the
ending spin state to be ms = 0 after coming out of the singlet state. As before, the transition rates
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are just such that after a few cycles, the NV has a high degree of polarization into the ms = 0
state. This means that, after an ensemble average of experiments interrogating the spin state of
the system, the most likely outcome, roughly 90% of the time, the spin state is found to be in ms
= 0 after a few hundred nanoseconds of laser illumination.
2.3 NV Spin Hamiltonian
The NV spin Hamiltonian describes the energy levels that define the magnetic resonance
spectrum. Information from this portion is taken from a few sources, namely a review of sensing
from Plakhotnik50 and a review from Suter et al51. These reviews are rather recent and cover all
the relevant physics for the basic experiments. Additionally, a deep text on the subject of
electron paramagnetic resonance (EPR) is the text by Schweiger and Jeschke61. For more general
magnetic resonance, the book by Slichter62 is very approachable and easy to read. The book by
Ernst, Bodenhausen, and Wokaun63 is akin to Jackson’s “Classical Electrodynamics” for
magnetic resonance; everything you could imagine in magnetic resonance is there if you are
willing to really engage the moderately difficult text. The Hamiltonian consists of a few terms:
the zero-field splitting (ZFS), Zeeman splitting, and stress coupling terms. For all discussions
taking place here, the strain terms will be zero. However, it is worth mentioning that the stress
coupling terms are sensitive to transverse electric fields. The NV spin Hamiltonian in frequency
units, ignoring any coupling to other spins is:
⃗ ⋅𝑆
𝐻 = 𝐷𝑆𝑧2 − 𝛾𝑒 𝐵
This also assumes a coordinate system with the Z-axis pointing along the NV symmetry axis, the
line from the vacancy to host nitrogen. The transverse coordinate plane can be defined
arbitrarily, however, for convenience it is usually defined with the X-axis pointing towards one
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⃗,
of the nearest neighbor carbon atoms of the NV. Usually it is assumed that the magnetic field 𝐵
is aligned parallel to the NV symmetry axis. In this case the Zeeman term becomes −𝛾𝑒 𝐵𝑆𝑧 . This
condition provides optimal spin contrast and optimal T2, transverse relaxation time. The ZFS D,
is 2.87 GHz, and the gyromagnetic ratio for the bare electron spin 𝛾𝑒 is 2.8 MHz/G. This
Hamiltonian describes all that is needed to do DC magnetometry, longitudinal strain, and
temperature sensing, as the parameter D is temperature dependent64,65, pressure dependent66, and
longitudinal electric field dependent54.
Of core interest to this dissertation is the coupling to nuclear and other electron spins. My
work in Pagliero et al.16 focuses on the coupling to the NV host nitrogen spin. Ongoing work and
unpublished work centers on coupling to nuclear and electronic spins inside the diamond lattice
and outside. This coupling is called hyperfine or dipolar coupling. Some of the spin species that
the NV is coupled to experience quadrupolar splitting or further hyperfine splitting. For a typical
NV center, or low to moderate density NV ensembles, the spin Hamiltonian, now including the
host nitrogen spin, is as follows:
𝐻 = 𝐷𝑆𝑧2 − 𝛾𝑒 𝐵𝑆𝑧 + 𝐴𝑆𝑧 𝐼𝑧 + 𝑄𝐼𝑧2 − 𝛾𝑁 𝐵𝐼𝑧
This introduces 3 new terms. Each with minor alterations depending on the isotope of the host
Nitrogen. The NVs used in these experiments is either 14N, in the case of natural bulk NVs, or
15

N, which were implanted into the surface of diamond to generate the defects. The simplest new
𝛾

term is the Zeeman term for the host nitrogen, with 2𝜋𝑁 being 0.3077 kHz/G for 14N and -0.4316
kHz/G for 15N. The quadrupolar term comes from electric field gradients across the nitrogen
nucleus. This results in a ZFS for the nuclear spin. For 14N, Q is 4.95 MHz. For 15N, there is no
quadrupolar splitting. The final new term is the hyperfine coupling. This term comes from both

38

dipolar coupling, and Fermi contact, depending on the electron density at the site of the nucleus.
For 14N, A is -2.2 MHz. For 15N, A is 3.05 MHz. In this Hamiltonian, the secular approximation
has been made. Simply put, all terms that do not commute with Sz are dropped. The hyperfine
coupling is a tensor quantity that can be reduced to transverse and longitudinal components. The
transverse components involve terms like SxIx. These terms are discarded. They do have
contributions in second order corrections.
⃗ , if 𝐵
⃗ is not parallel to NV
On the topic of higher order corrections, a misaligned 𝐵
symmetry axis, can lead to shifting of energy levels and fluorescence quenching due to increased
intersystem crossing rates. If the transverse magnetic field is small enough, these effects are
minimal. In NV ensembles, since the NV can form along any of the four [111]-like axis in the
diamond, you can have multiple different resonance lines due to the different Zeeman splitting.
Since the angle between different NV axes is well defined by the crystal lattice, the full vector of
⃗ can be determined by the ODMR resonance lines. This is a form DC Vector magnetometry67.
𝐵
Coming back to the idea of sensing spins other than the host nitrogen spin, the most
common spin to sense is 13C. Depending on the coupling strength and the position of the spin
relative to the NV detection methods change. Regardless of detection methods, the Hamiltonian
is the same. Again, using the secular approximation and discarding the nitrogen interactions for
brevity.
𝐻 = 𝐷𝑆𝑧2 − 𝛾𝑒 𝐵𝑆𝑧 + 𝐴‖ 𝑆𝑧 𝐼𝑧 + 𝐴⊥ 𝑆𝑧 𝐼𝑥 − 𝛾𝐶 𝐵𝐼𝑧
In cases where the 13C is very close to the NV, within a few atomic shells, these hyperfine
couplings can be determined from ODMR spectra68. In general this is not the case and complex
pulsed sequences are needed69,70.
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In the case of NV ensembles, the NVs experience numerous hyperfine couplings since
multiple uniformly distributed NVs are interacting with uniformly distributed 13C. These
ultimately add together and interfere destructively, since not every NV-13C is experiencing the
same hyperfine coupling, leaving only an imprint of the 13C Larmor precession which interferes
constructively as every NV-13C pair is, hopefully, experiencing the same magnetic field. Another
case is when all the target spins are very far away, but not isotropic, uniformly distributed. This
is the case found in typical nanoscale and microscale sensing experiments. An NV, or ensembles
of NVs, is some distance from the surface of the diamond. The aim of the measurement is to use
the dipolar coupling between the NV centers and this volume of spins to probe the dynamics of
the volume of spins through magnetic resonance. In this regime, what is being detected is best
described as a classical magnetic field generated by a continuous volume of magnetic dipoles.
The magnetic field that the NVs can sense is the component of the field parallel to the defect’s
symmetry axis.
2.4 Basic Spin Manipulation Experiments
Before any sensing can be done, a series of basic preliminary experiments need to be
performed to find parameters such as the NV’s resonance frequency and the optimal pulse
durations for generating superposition (the π/2 pulse) or doing population inversion (the π pulse).
These are done though ODMR and Rabi oscillation experiments. The Rabi oscillation
measurement is the starting point for optimizing the signal-to-noise ratio (SNR). A simple π
pulse is used to optimize the PL collection components of the measurement. Parameters such as
the laser pulse duration, how long the photons are counted during the laser pulse, and laser power
can be optimized with the goal of maximizing SNR and sensitivity.
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With just a few very simple experiments, it is already possible to do something of
moderate utility. The polarization of the NV center can be transferred to other spins. The method
that will be described here applies to strongly coupled spins, specifically, the host nitrogen

Figure 2.4.1 Layout of an NV magnetometry experiment. A sensing experiment typically involves some sort of
initialization step. Examples can be (a) a green laser pulse, (b) confirming the NV is in its negative charge state
by checking fluorescence, or (c) Nuclear spin pre-polarization to help signal to noise ration and pulse fidelity.
Then some sort of MW pulse sequence is performed with some time τ varied, such as (e) Rabi oscillation to
determine pulse lengths, (f) Spin echo to sense strongly coupled spins or determine T 2, or (g) spin correlation to
measure the free precession of some nuclear spin. With the sensing done, the NV is read out with either the
traditional method (h) a green laser pulse while monitoring fluorescence to determine spin state, (i) a yellow
laser pulse to determine the charge state which may be correlated to the spin state, or (j) with a train of MW
pulses and fluorescence readouts as in repetitive readout schemes.

nuclear spin. This would also apply to strongly coupled 13C. It is at this point that a detailed
description of my contribution to Pagliero et al. will be discussed. Additionally, the idea of the
double quantum transition and the use of composite pulses will be discussed. This is based on
some of my early work during my Ph.D. that was never published.
All experiments consist of some initialization step, a pulse sequence, and a read-out step.
The typical layout of an experiment and some examples of different types of experiments are
shown in Fig. 2.4.1. In very basic experiments and experiments primarily working with
ensembles, the initialization, and read out steps consist of only a green laser pulse, and on
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readout, a PL measurement. The pulse sequence can be arbitrarily complex, consisting of many
MW and RF pulses at different frequencies with different durations and phases. This complexity
allows a level of Hamiltonian engineering and allows us to minimize, maximize, or ignore
certain interactions. The initialization step can be more involved than simply a green laser pulse,
an example would be pre-polarization of the host nitrogen spin71, or preparation of the charge
environment by exciting with different wavelengths13. The readout step is the subject of many
papers. There are many ways to optimize SNR of the traditional single green laser pulse read
out71,72,73. Another approach to readout that will be discussed later is the spin-to-charge
conversion (SCC) protocol46,60,74,75. This exploits the dynamics discussed earlier, using the fact
that certain spin states have shorter excited state lifetime and higher probability of undergoing
the intersystem crossing, plays with the ionization rates of the defect. The spin state can be
encoded in the charge state, and allow for a higher fidelity, lower uncertainty, readout of the spin
state thanks to the long-term stability of the charge state. The last method that will be mentioned
is that of single-shot readout (SSR)76 or repetitive readout (RR)77. These methods rely on using a
nearby nuclear spin, usually the host nitrogen, as a form of memory. Since the nuclear spins are
usually unaffected by the excitation of the NV, the spin state of the NV can be swapped onto a
nuclear spin and the NV can be readout. This will repolarize the NV but not affect the nuclear
spin. Then the nuclear spin state can be mapped onto the electron spin and read out again and
again.
Standard readout durations are usually on the order of 1 μs. These alternate readout
methods can have durations as long as 1 ms. These methods are most useful for experiments that
take a very long time such as correlation spectroscopy or dynamic decoupling with long T2.
Ideally the longest portion of any experiment should be the pulse sequence itself. The readout

42

and initialization steps need to be of negligible duration as compared the pulse sequence itself. If
these steps are long a value known as the sensitivity will take a substantial hit. The sensitivity is
a measure of the amount of information that can be extracted from a system per unit time. This
section will conclude with a discussion of the sensitivity of NV center and how to improve it.
2.4.1 Continuous Wave ODMR
The first preliminary experiment
involves determining at what frequency the
NV electronic spin resonance occurs. This
⃗ and the local
depends on the magnetic field 𝐵
spin environment. There are two resonances
that can occur. Since the NV is S=1 one
resonance corresponds to the transition from
ms = 0 to ms = +1 and the other resonance
corresponds to the transition from ms = 0 to
ms = -1. From the Hamiltonian, these two
transitions occur at different frequencies.
Continuous Wave Optically Detected
Magnetic Resonance (CW ODMR) operates
with the dynamics described previously,
with one addition. There is now a MW field

Figure 2.4.2 CW ODMR spectrum of NV ensembles. (a)
The CW ODMR sequence consists of continuously
exciting the NV with MW and laser light until and
monitoring the PL. The frequency of the microwave is
varied and when the frequency matches the resonance
frequency, the PL decreases due to the spin state
selective intersystem crossing. Multiple dips are
observed in ensembles due to the multiple NV
orientations experiencing different magnetic fields along
their symmetry axis. Fluorescence dips occur for the ms
= 0 to ms = -1 transition as well as the ms = 0 to ms = +1
transition.

that can induce rotation of the NV’s
electronic spin. This experiment is a departure from the just described layout of a typical NV
experiment. The NV is constantly initialized and readout with green laser while the MW source
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is constantly irradiating the electronic spin. If the frequency of the MW source is off resonance,
no transition out of ms = 0 into ms = ±1 can occur. If one of the resonance frequencies was
matched, coherent transitions between ms = 0 into ms = ±1 will occur. Since the system is
constantly being excited by green light and constantly being driven by the MW field, the NV
spin state, when the MW is on resonance, will not be entirely in the ms = 0 state. This will lead to
a reduction in fluorescence. With this information, the experiment becomes the following:
constantly excite the NV with green laser light, constantly irradiate the NV with MW fields at a
given frequency, collect the PL from the NV during this time, and change the MW frequency and
repeat. Then plotting the fluorescence as a function of MW frequency reveals the ODMR
spectrum.
With the heuristics of the experiment explained, it is worthwhile to go over the technical
details and limitations of the experiment. This will be a very “nuts and bolts” description. Firstly,
depending upon implementation, this experiment can be incredibly insensitive to timing. For a
single MW frequency, the MW is constantly on, the laser is constantly on, and PL is being
measured throughout the entirety of the excitation duration. The biggest timing issue is the rate at
which the signal generator can change frequencies. In the experiments described in this
dissertation, a Rhode & Schwarz SMB100A MW signal generator was used. The frequency
sweep was realized by setting a range of frequencies to sweep, with a provided step size. The
frequency was configured to step when a TTL pulse provided by a SpinCore Pulseblaster arrives
at the signal generator. The limitation comes from the long settling time of the signal generator.
The signal generator takes about 5 ms to settle at the desired frequency. A delay of roughly 5 ms
is required between the trigger pulse that steps the frequency and the start of the PL measurement
to avoid observing an inaccurate resonance frequency or a broadened line. A way to avoid this
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entirely is to use a device capable of faster frequency stepping. Arbitrary Waveform Generators
have sampling rates on the order of 1 GSa/s or faster. The frequency of an AWG can be mixed
with a static output frequency of a stable signal generator. The output frequency of the AWG can
be altered between measurements with a very fast settling time. Our AWG, a Tektronix 5012C,
has a 500 ns trigger delay, but an output delay that is very small. If the frequency mixing is not
ideal, harmonics may also be transmitted again leading to misattribution of the resonance
frequency.
On another technical note, the laser intensity and the MW amplitude play a large role in
the qualities of the measured spectrum. The average amount of time spent in the NV center
ground state and the Rabi frequency are the two most important parameters in the CW ODMR
experiment. The Rabi frequency is the frequency that the electron spin under goes coherent
oscillations from one state to another. The electron spins need to stay in the ground state long
enough to receive a full population inversion to maximize the signal. The excitation rate should
ideally be half the Rabi frequency. However, the bandwidth of the microwave excitation is,
roughly, the Rabi frequency. Any transitions excited will be broadened by the NV Rabi
frequency. To have the highest possible resolution, the lowest microwave power should be used.
This suggests that to have the highest contrast signal, a low laser power should be used.
However, low laser power reduces the number of photons generated and thus the overall SNR.
While this discussion seems quite constrained and subtle, in practice this optimization condition
between excitation rate and Rabi frequency is rarely used. If the NV is not heavily oversaturated
optically, the resonances will still appear. CW ODMR is rarely used in modern experiments
outside of finding the resonance frequency for the first time. For high resolution spectra, pulsed
ODMR and Ramsey interferometry are usually used as these means completely circumvent the
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problem of optical power broadening. CW ODMR can be a very fast method to determine the
resonance frequency if a high degree of precision is not needed and only simple instrumentation
is available. It is typically used to measure magnetic field alignment.
2.4.2 Rabi Oscillations and Pulsed ODMR
With the resonance frequency known, it is now possible to perform Rabi oscillations. A
Rabi frequency was already mentioned in the previous section, but it is not easy to determine
Rabi frequency from CW ODMR resonance lines. The Rabi frequency determines the bandwidth
of the excitation pulse. Low Rabi frequency can have beneficial effects, such as
hyperpolarization78,79,80,81, and detrimental effects, like inaccurate frequency readings in dynamic
decoupling sequences82,83, to some
experiments. For pulsed experiments, it is
usually best to use the highest Rabi
frequency possible.
Rabi oscillations come from the
magnetic moment of the electron spins
precessing about an effective magnetic field.
This effective magnetic field is the field
experienced in a reference frame that is
rotating at the frequency of the applied AC
magnetic field. For optimal performance,
the AC field should be perpendicular to the
⃗ . In practice, this is a
static bias field, 𝐵

Figure 2.4.3 Rabi oscillations of an NV center. (a) The
Rabi sequence with two laser readout laser pulses. The
first, S1 is the signal and the next, S2 is a reference
pulse. The duration of a resonant MW pulse is varied to
provide coherent control over the NV spin state. (b)
Rabi oscillations from a single NV near the diamond
surface.
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slight challenge due to the constraints that the diamond lattice provides. However, suboptimal
performance is still quite good and with proper impedance matching in the electronics and
without any special antenna designs, it is possible to achieve very high Rabi frequencies of 20
MHz and above. Novel antenna designs can be used to enhance the spatial homogeneity and
enhance transmission at specific frequencies84,85,86.
Rabi oscillations, being such a short measurement, use the simple initialization and
readout methods described above regardless of whether alternatives such as SCC or SSR are
available. Depending on laser power and the number of NVs being looked at, these pulse
durations may need to be optimized for the best SNR. For single NVs initialization and readout
pulses of 1-3 μs with a roughly 300 ns counter gate along with the readout pulse that also may
need to be optimized.
The pulse sequence of the Rabi oscillation is a MW pulse of variable duration as shown
in Fig. 2.4.3. Exposing the NV to resonant microwave radiation for variable durations will result
in a larger tilt angle about the applied magnetic field. If the frequency of the MW is tuned to the
ms = 0 to ms = -1 transition, the spin state will oscillate back and forth from the |0⟩ to |−1⟩ state.
Ideally, the Rabi experiment starts with the NV is the state |0⟩ and, during the MW pulse, the
𝜔𝜏

𝜔𝜏

state evolves as cos ( 2 ) |0⟩ + sin ( 2 ) | − 1⟩, with the angular Rabi frequency, 𝜔 = γeB1 and τ
being the duration of the microwave pulse. A π/2, called such because 𝜔𝜏 = π/2 and it results in a
rotation of π/2 on the Bloch Sphere, is a pulse that tilts the spin state into a superposition of the
two states; a pulse that takes |0⟩ to

1
√2

( |0⟩ + | − 1⟩). A π pulse, called such because of similar

reasons to the π/2 pulse, maps the state |0⟩ to the state | − 1⟩.
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At the cost of some additional experimental hardware, both resonance frequencies can be
excited. This provides an enhancement in sensitivity, as the superposition
partially couples to the environment. The state

1
√2

1
√2

( |0⟩ + | − 1⟩) only

( |+1⟩ + | − 1⟩) has both coherences evolving

resulting twice the phase accumulation. However, direct transition between these two states is a
dipole forbidden transition. The state can be generated and manipulated by three methods. A
series of separate pulses at both resonance frequencies can make a composite π and π/2 pulses to
create superpositions and population inversions of this state. Alternatively, both resonance
frequencies can be excited simultaneously with identical Rabi frequencies79,87. A third means can
be achieved by using strain pulses88. This
mechanism uses a different portion of the spin
Hamiltonian to induce the transition. By
applying an AC strain field at a frequency
resonant to the energy splitting between the
two states, double quantum transitions can
occur. This is not forbidden as the driving
mechanism in the Hamiltonian are transverse
strain terms that go like 𝑆𝑥2 . This term has
different selection rules than the traditional 𝑆𝑥
term that induces the dipole transitions usually
used.
With a well measured π pulse duration,
a more precise determination of the NV’s

Figure 2.4.4: Pulsed ODMR spectrum of an NV
center. (a) The pulsed ODMR sequence is a MW π
pulse at different frequencies. When the frequency
matches the resonant frequency a difference in
fluorescence appears. In (b) this different appears as
a maximum. Two maxima are observed from the 15N
hyperfine splitting in the NV spectrum. This is
performed with a surface implanted NV with a
slightly misaligned bias magnetic field at 515 G.
This is done with a 522 ns π pulse.
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resonance frequencies can be made by using Pulsed ODMR. A problem that was mentioned with
CW ODMR was the effect of optical and MW power broadening. If the laser power is too high,
the MW will have little time to rotate the spin and the Rabi frequency, and thus excitation
bandwidth at this time is ill defined and difficult to extract from a ODMR spectrum with other
broadening effects involved. The experiment for Pulsed ODMR is that of a Rabi sequence, but
the MW pulse duration is fixed to that of a π pulse. The frequency of the MW pulse is swept. If
the pulse is off resonance, it will do nothing. If the pulse is resonant, it will induce a population
inversion, resulting in a reduction of fluorescence. The advantage of this form of ODMR is twofold. The Rabi frequency, and hence, excitation bandwidth is well defined. Since the MW pulse
is applied with no laser excitation, there is no power broadening. The resolution of this method
can be improved by reducing the MW power, thus increasing the duration of the π pulse and
reducing the Rabi frequency. With low enough excitation bandwidth, hyperfine splitting caused
by interactions with nuclei can be resolved. This allows for selective excitation and CNOT gates,
that is, the NV populations can be inverted depending upon the Nitrogen spin state, or vice versa.
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2.4.3 Polarization of Host Nitrogen

Figure 2.4.5: Hyperpolarization of the NV center’s host Nitrogen. (a) A level diagram of the NV-N system with
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A major goal of the research surrounding the NV center is to take the high degree of spin
polarization that the system houses and transport it to other systems that are of interest in other
fields. Transfer of this polarization could result in lower cost Magnetic Resonance Imaging
(MRI) or higher SNR in traditional magnetic resonance. It can also serve to initialize spin qubits
for quantum information processing and communication. Many methods have been proposed and
performed. Here I will focus on the method that I contributed to. The methodology described in
Pagliero et. al. takes the polarization from the NV electronic spin and transfers it to strongly
coupled nuclei, specifically the host nitrogen. It is show that under some conditions the
polarization can be done iteratively. By applying sufficiently low bandwidth, sometimes called
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selective pulses, MW pulses, the NV state can be manipulated conditioned on the host nitrogen
spin state. At room temperature, at any magnetic field appreciably far from 500 G and 1000 G,
the host nitrogen of the NV center is effectively depolarized with equal probability of finding its
spin state is any of the three possible mI levels. In this regime, with a selective π pulse, the pulsed
ODMR of the NV shows three(two) peaks corresponding to the 14N (15N) induced hyperfine
splitting. A selective π pulse on the NV-N system is a CNOT gate. This is a population inversion,
akin to a logical not, conditioned on the state of the nitrogen nuclear spin state. If nitrogen
nuclear spin has no population in the mI = 0 state, and a selective pulse is applied to the NV on
the transition from |0,0⟩ to | − 1,0⟩, nothing will happen because the logical condition of, “The
nitrogen spin is in the mI = 0 state”, is false. This allows us to controllably manipulate the
Hamiltonian for the nitrogen nuclear spin. By following up a selective MW pulse on the NV, an
RF pulse, also selective, can be applied to the nitrogen nuclear spin. This RF pulse is also a
CNOT gate, a population inversion on the nitrogen nuclear spin conditional on the electronic
spin state. This is due to the shift in the nitrogen’s resonance frequency caused by the hyperfine
coupling to the NV electronic spin.
If the two systems involved in this are both spin-1/2, these two CNOT gates with
alternative conditional qubits form a swap gate. Since the NV electronic spin and the 14N are
both spin-1, a swap gate can be performed on both spins |0⟩ to | − 1⟩ manifolds and the |0⟩ to
| + 1⟩ manifolds. This will result in a full swap of the two spin states, the mixed state originally
on the host nitrogen spin is now on the NV electronic spin, and the polarized state of the NV
electronic spin is now on the host nitrogen spin. With an applied bias field like the condition
described above, this polarization can be observed directly through pulsed ODMR.
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A slight complication occurs when the host nitrogen is 15N, the isotope usually used in
implantation. This isotope is spin-1/2. A swap on one of the spin manifolds can still occur, but it
is not possible to fully swap the spin state of the NV electronic spin to the host 15N. This will
pose a minor problem in nuclear spin memory assisted spin correlation experiments.
Another interesting phenomenon that can be observed and implemented with this
technique is what we called charge to spin. This is a conditional swap gate, swapping of the host
nitrogen conditioned on the charge state of the NV center. More generally, it is conditional
polarization transfer and need not necessarily be a swap. The Hamiltonian for the NV center
provided is for the NV-. Since the NV0 is spin-1/2 in the ground state and the electron density is
overall different, this is not the Hamiltonian for NV0. The transitions that we are exciting do not

Figure 2.4.6 Charge to Spin Conversion: (a) The sequence consists of charge dependent nitrogen polarization.
The charge state is prepared in some state with a red or green laser pulse. (b)Then the nitrogen spin is polarized
if the NV is in the negative charge state and not polarized if it is in the neutral state. The NV must return to the
negative charge state to be readout. During the polarization sequence a red laser is used to initialize the spin state
to avoid recharge the NV.
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exist at the same frequencies for NV0. If the NV is in its negatively charged state, we can
polarize the host nitrogen. If the NV is in the neutral state, the host is not polarized. This is the
basis of the redundant memory described earlier in the discussion of the high-density memory.
Also, of interest is the stability of this nuclear spin during the ionization process. It is well known
that at magnetic fields near 512 G, the NV- Excited State Level Anti-Crossing (ESLAC), the host
nitrogen spin is polarized due to level mixing in the excited state89. A way to avoid this process
entirely is to ionize the NV- through a single photon process. This is achieved by using a 450 nm
laser. This method helps minimize the impact of ionization on the host nitrogen’s spin state.
However, the information on the nuclear spin is of no use if it cannot be read, and the only way
we know to read this information is with the NV-. The efficiency of the recovery process is
characterized by recharging the NV center with a short green laser pulse and performing pulsed
ODMR.
2.5 Optimization of Signal to Noise Ratio and Sensitivity
A very important aspect of any experiment is the SNR, and a related factor, the
sensitivity. The trivial way to improve SNR for any experiment is to simply wait. However, this
will not always work if the signal is dominated by correlated noise and systematic errors, such as
optical or microwave power drifts and gradients. Here I discuss some of the possible problems
that can limit the SNR and sensitivity and go over experimental techniques to maximize the
SNR. Some of the tools and methods required to check these parameters require a little more
information regarding the spin properties and pulse sequences, so they will be covered in more
detail later. Methods such as determining the SNR and maximizing the SNR of a readout
sequence do not require any more tools that what is already known but measuring and checking
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sensitivity with respect to some environmental parameter will be discussed with the Spin echo
and dynamic decoupling.
The maximum fluorescence change that can be observed between the NV’s bright spin
state, ms= 0, and a dark state, ms = ±1 is roughly a 30% with standard readout methods2,59. A
dark state can have a reduction in fluorescence by as much as 30%. This change is termed
contrast. For bulk single NVs this limit is easily achieved with moderate laser power and well
aligned collection optics. This condition is not so easily met with ensembles of NV centers.
However, it is not necessarily true that maximal contrast gives the best signal to noise ratio73.
The Contrast can be maximized by having a well-positioned counter gate of short duration. This
will result in high contrast but very few photons per measurement, and thus, a noisier signal. The
counter gate could be tuned to cover the entire duration of the fluorescence difference. This will
greatly increase the photon counts per measurement but reduce the contrast. A portion of
optimizing the SNR is done by finding this comfortable medium between photons per
measurement and contrast; by maximizing the number of “useful” photons gathered every
measurement.
Another portion of the optimization is less a problem of statistics and more a systematic
problem. This segment is less important for single NVs thanks to their high spatial localization.
When working with NV ensembles, the finite extent of focused laser beam, gradients in the bias
field, and gradients in the AC MW field can result in deleterious effects that reduce the ODMR
contrast and SNR. The excitation profile, as was shown in the memory discussion, can be quite
large axially. This can be avoided careful sample design, such as controlled diamond growth15,
nitrogen delta doping90, or ion implantation91. This controls the axial profile of NVs. The optical
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axial profile can be fixed by applying corrective optics or simply using a higher NA objective to
reduce the diffraction limit.
However, even in the diffraction limited regime, NVs are still being excited by the tails
of the laser, which are experiencing a lower laser power than NVs in the center of the diffraction
limited spot. This can result in collection of fluorescence from unpolarized NVs. This can be
addressed through two means, proper referencing, and/or increased initialization pulse duration.
By collecting a reference signal, or, in the case of pulsed experiments, some sort of phase cycled
experiment, one can take the difference between these two signals to remove any sort of
correlated noise or systematic background. Increasing the initialization duration better initializes
the out of focus NVs. In some sensing applications this may have a drawback. With the out of
focus region now contributing to the signal, the effective volume of sensing NVs becomes much
larger, and many of these NVs may be quite far away from the sample of interest.
The SNR is defined as the ratio between the signal, the average photon counts for a
measurement, and the noise, the standard deviation of the photon counts for a measurement. The
signal is defined as the difference between some experiment and its reference signal. The noise,
following Poisson statistics, is the square root of the sum of these two signals. If the experiments
are performed using the voltage readout of a photodiode, the signal will be the same, and the
noise will be the standard deviation of the signal assuming Gaussian noise. For the experiments
described here, we are photon counting and the SNR is given by:

𝑆𝑁𝑅 =

𝑁𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑁𝑟𝑒𝑓
√𝑁𝑠𝑖𝑔𝑛𝑎𝑙 + 𝑁𝑟𝑒𝑓
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This assumes that only a single reference is being used. In some cases, multiple references are
required to help remove correlated noise. The signal will be defined similarly, and the noise will
add together following standard error propagation.
The best contrast that can be attained is usually attained with the first population
inversion of a Rabi oscillation, that is after a single π pulse. The measurements done to optimize

Figure 2.5.1: SNR optimization process for standard NV fluorescence readout. (a) The sequence is a resonant π
pulse on the NV centers with a variable photon counter gate duration t ro. (b) As the number of photons goes up
and the NV repolarizes under green excitation, the fluorescence contrast drops. Though PL contrast is at a
maximum at very short durations, (c) SNR is best with a slightly lower contrast.

SNR are similar in setup to the pulsed ODMR experiment, however the duration of the
initialization pulse, the readout pulse, and the counter gate will be varied. Also, there are usually
more counter gates including for the referencing. An additional gate is usually added to the end
of readout laser pulse. Also, an additional laser pulse can be added with another counter gate at
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the same relative point as the original counter gate. This provides a reference with a fair
comparison to the ms = 0 fluorescence. Then the initialization and readout laser pulse durations
are varied. These two pulses are the same duration in our experiments since the readout pulse
may also have to serve as an initialization pulse. The duration of the pulse is varied, and the SNR
is plotted as a function of laser pulse duration. For single NVs this method quickly saturates and
even a reduction in SNR is observed if the pulse is too long. With ensembles, there is a very
rapid growth in SNR observed in the short time scale followed by a slow indefinite growth in
SNR. This is because of effect described earlier caused by out of focus NV centers not being
properly polarized. Once the initialization conditions are optimized the counter gate durations
should be optimized. For single NVs, the typical duration of a counter gate is roughly 200 – 300
ns for optimal SNR. For ensembles again, there is an additional complication of out of focus
NVs, however the SNR usually maximizes at about 1 μs counter gate. Depending on the optics,
whether a high numerical aperture (NA) objective is used and a small core fiber is used for
collection, the effect of out of focus NVs can be minimized. If there is a substantial impact from
these NVs the SNR as a function of counter gate duration will also have a sharp increase initially
followed by a slow indefinite increase of SNR.
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2.5.1 Sensitivity
With the SNR optimized it is worthwhile to discuss sensitivity. As previously mentioned,
one way to improve sensitivity is just to measure for longer. To perform the same measurement
more times and average the results. By this method the SNR should grow like the square root of
the total measurement time, which can quickly reach infeasibly long times to reach a functional
SNR. The sensitivity is related to this and can be interpreted in a few ways. Strictly, what is
happening as you average is a reduction of noise. Sensitivity is the photon noise floor after one
second of averaging. The smallest change in photon counts that can be observed in one second.
The minimum change in photon counts that can be observed is given by the formula:
𝛿𝑁 =

𝜂
√𝑡

where 𝜂 is the sensitivity, t is the total measurement time, and 𝛿𝑁 is the uncertainty in the
number of photons counted. Keep in mind the total measurement time is considered, not just
pulse sequence time, this includes upkeep processes like reinitialization and readout time.
Sensitivity is a sort of the rate at which the noise reduces. If the measurements are done with the
voltage from a photodiode as the signal, this all still applies.
An explicit formula for the NV sensitivity is derived for different cases in Taylor et. al52.
For all cases, be it AC magnetic field sensing, DC magnetic field sensing, or thermometry the
spin projection noise limited sensitivity, including the addition of NV ensembles, behaves as
follows:

𝜂∝

1
𝐶√𝑁𝜏
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The value N is the number of NVs that are in use in the sensor, 𝜏 is the sensing time required to
collect a single data point. The C parameter is a way to calculate the noise of a measurement.
This parameter, for traditional readout limited by spin projection and photon shot noise, is given
by52,46:

1
2(𝛼0 + 𝛼1 )
= 𝜎𝑟 = √1 +
(𝛼0 − 𝛼1 )2
𝐶
Where 𝛼0 and 𝛼1 are the mean photon counts measured in the NVs ms = 0 and ms = ±1
respectively.
2.5.2 Enhanced Sensitivity through Improved Fluorescence Collection
The point in bringing up these formulae is to steer the discussion on means to improve
the sensitivity. Strictly, we only have three parameters to work with: the collection efficiency,
the number of NVs, and the sensing time. The collection efficiency also includes alternative
readout methods such as SCC, SSR, and RR. The advantage of these techniques is that the can be
done with little to no sample engineering. Without these tools, collection for NVs in limited by
the index of refraction mismatch at the diamond surface. For shallow implanted single NVs,
waveguides, so-called, nanopillars or nanowires, can be etched into the diamond to help increase
the amount of fluorescence collected in a typical confocal setup. For deeper NVs, a solid
immersion lens (SIL) can be milled into the diamond. There are other methods, such as
fabricating cavities and other photonic devices in the diamond, however, no published sensing
experiments exist using these devices to my knowledge. Very few experiments using
nanopillars/nanowires for sensing have been published. SILs are usually used in quantum
information experiments or sensing of spins inside the diamond with bulk NVs.
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For NV ensembles, sensing experiments with them are usually done in a wide field
microscope, or in a pump probe configuration. This provides a degree of freedom as the PL of
the NVs do not necessarily have to follow the excitation path. In this regime techniques used in
solar cells and other optical spectroscopy methods can be used. Devices like Compound
Parabolic Concentrators have been used to greatly enhance collection efficiency86,92. Samples
have been specially polished to provide better excitation and fluorescence collection15,93. Some
work has been done with ensembles in a confocal microscope, but the sensitivities are usually
quite high as compared to the widefield case94. This is because fewer NVs are being excited in
confocal microscopes.
2.5.3 Enhanced Sensitivity through NV Ensembles
Continuing with the discussion on ensembles, another way to improve sensitivity is to
have more NVs in the sensor. One way to do this is to use a larger excitation spot, or even excite
the entire diamond. This will lower the optical power density at a given spot and puts much
stricter constraints on things such as MW driving homogeneity and bias field homogeneity due to
the larger sensing volume. This also may come at the cost of the NV center’s spatial resolution
depending on the PL detection method. Use of a small pixel CCD camera may help mitigate this
problem.
Beyond expanding the focal volumes, the only other method is to pack the same focal
volume with more NVs. One method of generating NVs is ion implantation. Depending on the
application, different ions may be used. If the aim is to create NVs in bulk in high densities, the
go to method is to use electron beam irradiation, usually via a transmission electron microscope
(TEM). This method creates vacancies in the diamond and relies on the already present nitrogen
concentration pairing off with the newly created vacancies during a post irradiation annealing
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process. If the diamond growth process is controlled, the nitrogen concentration at certain depths
can be regulated and the NV density can be localized to a plane90. Since a TEM beam is quite
narrow, the lateral localization is quite good as well. In a normal 1 ppm nitrogen concentration
sample, like the samples used in the charge dynamics experiments, a radiation treatment
followed by annealing can improve conversion efficiency by an order of magnitude95.
For shallow NV centers, with depth on the order of 10 nm, nitrogen ion implantation is
the method of choice. The nitrogen ions serve to both generate vacancies and add to the
substitutional nitrogen concentration in the diamond. The stopping depth of nitrogen ions has
been well characterized through simulations and experiment96 and is controlled by the energy of
the ion. Again, the NV is expected to form during an annealing process after the implantation. It
has been observed that shallow implantations have much lower conversion efficiency and the
conversion efficiency is quite high from deep implants (roughly 50% at 10 μm with 10 MeV
ions)91.
NVs generated in bulk tend to have much better spin properties, longer T1 and T2. A
major drawback of deep NVs is that, until recently, they have been of little practical use for
sensing, as deep NVs are too far away from any external target spin one would like to sense. It is
important to point out that high densities of NV centers, or the nitrogen required to form them,
will also lead to a reduction of T1 and T2 in some cases. The spin properties of the 1 ppm
nitrogen concentration samples we have used are found to be excellent, on par with single NVs.
However, higher nitrogen concentration has been observed to be directly linked to reduced T297.
2.5.4 Enhanced Sensitivity through Increased Sensing Time
The more time spent in an experiment sensing and not performing upkeep tasks like
readout or initialization, the faster signal will accumulate. The actual sensing time is limited by
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the spin lifetimes of the NVs. For many measurements, this limit is the transverse relaxation
time, or the coherence lifetime called T2. Experiments like spin echo and dynamic decoupling are
limited by T2. Phase coherent correlation spectroscopy15,98,99 is not limited by T2, per se, but
since it is built from dynamic decoupling sequences it does have an impact to be discussed later.
Phase incoherent correlation spectroscopy100,101 and relaxometry102–105 methods are primarily
limited by T1. Sample engineering, such as controlling the P1 concentration or using isotopically
purified carbon in the diamond growth process, can provide great improvements to T2. T2 can be
increased through dynamical decoupling106,107 and pushed even further using quantum memory
techniques7.
For bulk NVs, outside of reducing NV and nitrogen concentration, the only way to
improve T2 and T1 is through isotopic enrichment. By reducing the 13C concentration to below
that of the natural abundance of 1.1% T2 can be improved. Natural abundance 13C diamond that
is electronic grade, will be around 500 μs to 1 ms or higher with dynamic decoupling107. With a
diamond with 99.99% 12C, a T2 of 2.8 ms has been achieved108.
Near the surface of the diamond, the NVs are not as well protected by the diamond. They
are heavily influenced by small strain on the surface, dangling bonds, and lattice destruction
caused by the implantation process. The NV centers charge state is also heavily influenced by the
surface, impacting the spin properties. These problems can be addressed by chemical treatments,
plasma treatments, and annealing. The typical chemical processes are cleaning in piranha
solution. This removes all organics but does a poor job of addressing the primary issue of the
diamond’s surface chemistry. NVs are most stable in an oxygen terminated surface. Outside of
plasma etching or annealing, the go to method for surface termination is acid boiling. Acid
boiling involves heating a 1:1:1 mixture of nitric acid(HNO3), sulphuric acid(H2SO4), and
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perchloric acid(HClO4) to its boiling point in a reflux configuration. The sample is left to boil for
2 or more hours. This is the most readily available method for surface termination. Other
methods involve etching the top layer of diamond with an oxygen109 or fluorine110 plasma.
Annealing the diamond in an oxygen environment at around 465 C has also been shown to
increase the T2 of near surface NVs111,112. It has also been shown to decrease T2113 or show
minimal improvements112. An additional method used is UV exposure improving charge state
stability112,114. Related to the oxygen annealing of the diamond, the slight decrease in T2 is
usually accompanied with an increase in spin contrast and fluorescence which is attributed to an
increase in charge state stability112. Additional annealing steps have also shown to aid in the
stability, fluorescence and spin properties of shallow NV centers115.
2.5.5 Spin to Charge Conversion of Bulk Ensembles
Here I discuss my contribution to the enhancement of sensitivity. This work is currently
under review. Spin to charge is a moderately new method for enhancing the sensitivity of NV
centers. It has not been used to perform any sensing experiments outside of measuring the
method’s sensitivity using AC fields generated by a coil74 for bulk single NV-s and measuring
the method’s ability to speed up T1 measurements in nanodiamonds75. Our work shows that the
technique translates to standard bulk ensembles and shows a tenfold enhancement that is limited
by the experimental setup.
The principles of SCC center around the intersystem crossing in NV- ‘s excited state and
the difference in excited state lifetime for different spin states46. This difference leads to a
difference in the ionization probability from the excited state. Since the ms = 0, stays in the
excited state for longer, and the other ms states are more likely to undergo an intersystem
crossing, this leads to a strong correlation between the spin states and the ionization probability.
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NV- centers prepared into the ms = 0 state are more likely to ionize than other spin states. In
typical confocal setups, the PL cutoff is 650 nm. This provides an incredibly high contrast for the
two charge states. SCC maps the spin state of NV- onto the charge state so the high contrast and
stability can be exploited to improve sensitivity.
The SCC mechanism can also use the ms = ±1 states60. Since these states are more likely
to undergo an intersystem crossing, they have higher probability of being in the singlet ground
state. This state has a long lifetime. By applying near infrared (NIR) light to excite the singlet,
the ionization process can occur by two single photon processes from the singlet ground state, to
the singlet excited state, into the conduction band.

Figure 2.5.2: Spin to charge conversion (SCC) of the NV center. The SCC process hinges on the spin selective
intersystem crossing rates and their impact on the excited state lifetime. (1) The NV - is excited with yellow (594
nm) light and, (2) depending on the spin state, an intersystem crossing (ISC) may occur and remove electrons
with spin state ms= ±1 from the excited state. (3) Then only ms = 0 electrons are left to be ionized.

These ideas are realized experimentally by using multicolor excitation. The NV charge
dynamics were explained earlier, but to remind anyone reading this, the NV-/NV population
under green excitation is roughly 70%. The NV- can be ionized, and not recombine, by two
single photon processes from any wavelength above 575 nm and below 637 nm. At low powers
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light in this wavelength will simply excite NV-. If the NV is in the neutral charge state, this light
is unlikely to excite the defect and it is unlikely to excite an electron into the defect causing
recombination. This allows the defect charge state to be determined by the fluorescence level.
Typically, 594 nm laser (orange) are used to do this because of a higher fluorescence rate,
however it can be done with any wavelength in the previously mentioned range. Higher
wavelengths, such as 633 nm (red), have lower recombination rates, but lower excitation and
ionization rates20.
An SCC sequence may include a charge state verification process in the initialization,
when a green laser prepares some charge state, and then a low power orange pulse checks the
charge state by measuring the PL for long enough to discern the charge state. If the PL
measurement shows that the NV is in the neutral state, the experiment is reset, and the green
pulse tries again to initialize the NV’s charge state. If the NV is in the negative charge state, the
experiment goes on as planned. A more primitive form of this is possible if the feedback process
is not fast enough to properly implement this. If the NV is found to be in the neutral charge state,
the experiment is still performed, but that data point is removed from the data set in post
processing.
The readout process of SCC relies on a shelving and an ionization process. The shelving
involves exciting the NV- with yellow light and allowing whatever intersystem crossing will
occur, and then ionizing the electrons still in the excited state with red or yellow light. In
practice, the ionization and shelving pulses are back to back as delays on the order of 4 ns (the
difference in the excited state lifetime for the different spin states) are difficult to achieve with
AOMs. Once the electron has/has not been ionized the read out begins by exciting with yellow
light at low enough power to not ionize NV-, but high enough to generate appreciable
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fluorescence from NV-. In this regime of excitation power, the charge state distribution is mostly
undisturbed. In the case of a single NV, the PL read is composed of a series of gates of equal
duration. The number of photons collected per bin are plotted in a histogram, and a threshold for
the number of counts corresponding to the transition from NV0 to NV- is determined from this
histogram. All bins below some photon count threshold are viewed as corresponding to NV0 and
all above this threshold are viewed as corresponding to NV-.
For ensemble the process is different. There is no binning or histogram of the data. The
readout laser is turned on at an ideal power and the contrast between two spin states is recorded.
Since this is done with ensembles no blinking can be reliably observed and no histogram can be
prepared. However due to the nature of ensembles, many values that need to be time averaged in
singles are apparent in a single shot. Also, the features like charge state blinking cannot be
directly observed with many NVs in an ensemble.
Using ensembles, we can show an enhancement in photons counting sensitivity by a
factor of 10 for long sequences, like T1 and correlation spectroscopy as is shown in Fig.2.5.3.
This is the drawback of these alternative readout methods, they increase the overall time required
to collect data at the cost that although the information gained per unit time is lower, but the
amount of time you can gain information for is longer. As the readout time increases, the amount
of information gained is continues to grow. With this information in mind, it is apparent that for
short pulse sequences, this readout method is quite inefficient. Rabi measurements for instance,
might take a few μs per sample with traditional readout. With SCC, to get equal SNR, will take a
very long readout time. Using our method in our setup, we find it to take roughly a factor of 100
times longer to reach the same SNR. This results in a dramatic hit in sensitivity. However, for
very long sequences, this readout method gives an enhancement in sensitivity. A way to
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quantify this improvement is the ratio of the sensitivities of the two methods squared, called the
speed-up factor. This is a direct measure of how much faster or slower SCC is as compared to
traditional readout.

Figure 2.5.3: Analysis of SCC on Ensembles. (a) The SCC applied to ensembles, while not
having as a high contrast as the traditional readout, the SNR of the SCC method passes
traditional readout techniques at about 250 μs and continues to grow past that time. A dashed
blue line denotes the traditional readout SNR. (b) This long readout time has a negative impact
on the sensitivity that can be overcome at longer readout times. With a 20 ms readout time SCC
has a lower sensitivity than traditional readout for sequences longer than 250 μs denoted by the
dashed green line. (c) A plot of the speed up factor versus the sequence length for different
readout times. For long sequences like memory assisted spin correlation and T1, our implantation
of SCC can have a dramatic impact on measurement time. (d) The sensitivity and readout time
for different readout powers with P0 = 10 μW.
Unfortunately, in our experimental implementation, the ideal yellow laser intensity
described above could not be met. Due to some limitations, our readout laser was generated by
AOM leakage from the ionization beam. Our ionization beam and readout are coupled and
locked at some multiple of each other. The highest readout power attainable in our configuration
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was 10 μW. After fiber coupling for collinearity and mode clean up, the maximum power
attainable is 18 mW. Being able to control these two beams independently would be ideal.
Typical single NV SCC readout is in the low μW to nW laser intensity. However, with
ensembles, the power may need to be scaled up. Additionally, the ionization rate needs to be on
the order of the excited state relaxation rate or greater across the entire excitation volume. Our
configuration also did not have a true shelving pulse. The shelving and ionization pulses were the
same. This risks ionizing NVs indiscriminately and short circuits the SCC protocol.
Concluding the discussion on sensitivity, there are many ways to improve sensitivity
surrounding a few primary variables: collection efficiency, number of NVs, and sensing time.
Ultimately, having control over properties intrinsic to the sample is critical to the sensitivity.
There do exist methods that are not so sample dependent. SCC, SSR, and RR, have additional
hardware requirements in the experimental equipment and places constraints on other variables.
SCC requires multiple lasers, two moderate power lasers for charge initialization and readout,
and one high power laser for ionization. SSR and RR put constraints on either which magnetic
field you can work at, if you want to use the host nitrogen as the memory spin. Alternatively, one
could use a strongly coupled 13C, but a similar magnetic field constraint exists and then you must
find NVs with suitable candidate spins for memories. All these alternative readout methods have
a time trade off and are most useful for longer sequences. Enhanced fluorescence collection
requires advanced fabrication techniques and may hurt the sensing time or charge state stability
of the NVs by stressing or damaging the lattice. Generation of defects in a high density is most
approachable and available form to some degree. High densities of NV centers can be generated
with TEM beams and annealing. For nanoscale sensing, high densities of NVs can be generated
by ion implantation. Companies like Innovion and Cutting Edge Ions can implant the diamond
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with nitrogen ions and then be activated through annealing. More involved techniques like
sample overgrowth and custom sample growth have shown some success in sensing15, though
these approaches quite limited in availability.
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2.6 Nuclear Magnetic Resonance and Electron Paramagnetic Resonance with NV Centers
The NV center electronics spin is a spin-1 system that has remarkable properties in terms
of optical initialization and readout. Since it is an electronic spin, it has a large well defined
gyromagnetic ratio. This makes the spin incredibly sensitive to magnetic fields. The diamond
lattice provides a means to isolate and stabilize the spin from any non-magnetic noise sources
providing long relaxation times and long coherence lifetimes. The diamond can be engineered to
make these times even longer. The NV center is a long lived, highly sensitive detector for
magnetic fields, among other things. A magnetic field of interest, is the magnetic field generated

Figure 2.6.1 Sensing volume of NV centers for magnetic resonance. For sensing, the distance from the target
spins and the amount and distribution of target spins are critical. For sensing of spins outside the diamond, the
detection volume, the spins responsible for most of the signal, is characterized by the depth of the sensing
defect. If the number of spins in this volume is small (≈100,000) the spin noise magnetic field is larger than the
mean magnetic field. For many spins (≈10,000,000), the mean field dominates.

by the magnetic dipole moment of nuclei and electrons. The field of magnetic resonance has
provided great theoretical and practical insight into the dynamics of these magnetic moments.
However, traditional Nuclear Magnetic Resonance (NMR) and Electron Paramagnetic
Resonance (EPR), are, although high spectral resolution, particularly insensitive. This is
especially true in the case of very small volumes; in the mass limited regime. The nature of

70

inductive detection makes magnetic resonance of very small volumes, on the order of μm3, very
difficult. The small feature size of the NV center, being an atomic defect, and its high sensitivity
makes the defect center a perfect candidate to provide sight into this blind spot in the NMR
science.
The NV center can work in two regimes of sensing. It can detect the average magnetic
field generated by the nuclear or electronic spins, or it can detect the variance or fluctuations of
the spins116. Each method has its own advantages and disadvantages. The primary differences are
spatial dependence and SNR growth. Variance sensing, or noise spectroscopy, depends on what
is known a statistical polarization. This is the idea that, when you have a small enough number of
spins that can either be aligned or anti aligned with a bias magnetic field, these spins will cancel
out on average. Their variance however, will not be zero. In this regime, the statistical
polarization scales like √𝑁, where N is the number of spins in the ensemble. An additional
advantage is that statistical polarization is independent of magnetic field. Statistical polarization
is impacted negatively by a high degree of thermal polarization. Thermal polarization, or
𝛾𝐵

Boltzmann polarization, obeys the Boltzmann distribution, and scales like 𝑁 𝑘

𝑏𝑇

. Even though

thermal polarization scales linearly with N, and statistical polarization scales like the √𝑁, the
dependence on the Boltzmann distribution makes thermal polarization rather weak for small
volumes. The detection volume depends on the distance between the NV sensors and the target
spins. For NVs implanted near the surface of the diamond, they can interact with spins outside
the diamond (Fig. 2.6.1). Depending on their depth from the surface, the number of spins they
can interact with changes with the detection volume. For NVs with a distance from the surface,
of roughly d ~ 10 nm, the detection volume is very small, and the statistical polarization
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magnetic field is quite large for NV sensors (100 nT). Statistical polarization results in a much
higher amplitude magnetic field in this regime.
The bulk of NV sensing has been done in the noise regime with only a few works
operating in the Boltzmann regime appearing recently15. Magnetic resonance of hyperpolarized
spins has been performed as well117. These experiments operate similarly to Boltzmann
polarization. The operating mechanism of NV based magnetic resonance will be covered in
following sections. Starting with the simplest form of dynamic decoupling, the spin echo or
Hahn echo. Building on this idea, more complex form of pulsed dynamic decupling can be
formed. Before moving on to those, the method of electron-electron Double Resonance will be
covered and its applications to the previously mentioned charge dynamics. The section will
conclude with the discussion on correlation spectroscopy. There are two forms of correlation
spectroscopy, the noise correlation spectroscopy and phase coherent correlation spectroscopy. A
strategy to detect bulk hyperpolarized fluid using NV centers, an ongoing work, will be covered.
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2.6.1 Spin Echo
The most basic form of sensing of time dependent period magnetic fields is done with the
basic spin echo. The spin echo in the field of NV centers copies its NMR and EPR form with a
slight addition. Since the only spin component that can be read out optically is the z-component.
So, an additional π/2 pulse is appended to the end of the pulse sequence to map the planar

Figure 2.6.2: Spin echo sequence and signal. The spin echo sequence consists of three pulses with the notation
(θ)φ, where θ is the rotation angle, and φ is the phase of the pulse. The duration between the pulses, τ, is varied
and the fluorescence collected at each step. The second spin echo step has the phase of the second π/2 pulse
phase shifted by 180° to create an inverted signal. The signals are subtracted to reduce any MW amplitude or
laser intensity noise.
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components onto the z-component.
The purpose of the spin echo sequence is that of refocusing the dephased spin. The
sequence consists of a π/2 to create a superpositon in the NV spin state o

1
√2

( |0⟩ + | − 1⟩). A

free evolution time of length τ passes and the NV accumulates some relative phase in the
superposition. A critical observation here is that the ms = 0 state has no coupling to the
environment. The phase is a relative phase and not a global phase. If the superposition is between
the ms =±1 states, the two states accumulate phase but in opposite directions. This results in the
relative phase accumulating twice as fast. If the magnetic field is inhomogeneous, this phase
becomes less defined as the spin tries to precess at different rates and in different directions. This
leads to dephasing, a randomizing of this relative phase leading to destruction of the
superposition state. This can be fixed by applying a π pulse after this evolution duration. This
inverts the population, changing the superposition from

1
√2

( |0⟩ + 𝑒 𝑖𝜙 | − 1⟩) to

1
√2

( |−1⟩ +

𝑒 𝑖𝜙 |0⟩). Then another free evolution period of duration τ and more phase accumulation occurs.
However, the phase accumulation here, due to the population inversion, undoes the phase
accumulated in the first accumulation period and results in a revival of the original dephased
signal; an echo. To readout the effects of this process another π/2 pulse must be added to
complete the sequence. If the field is simply inhomogeneous, the refocusing will extend the
coherence lifetime of the NV center.
The spin echo signal exhibits Electron Spin Echo Envelope Modulation (ESEEM). The
spin echo is a very effective method for removing static shifts like bias field inhomogeneities. If
electron spin is under the influence of time dependent phenomena, the refocusing process does
not go as described. The envelope of the spin echo signal will be modulated by this time
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dependent process. In the case of NV centers, the dominant cause of ESEEM is the Larmor
precession of 13C. If the phase accumulation time τ, is matched with the Larmor period of the
nearby spins, the electron spin of the NV is properly decoupled from the nuclear spin
environment. This is the basis of one of the most used forms of sensing. By varying the phase
accumulation time τ on both legs of the spin echo, revivals and collapses caused by the NVs
interaction with nearby nuclear spins can be observed. The Fourier transform of this time trace
will provide the Larmor frequency of the nuclear spin bath. This ESEEM behavior does not show
in isotopically enriched diamonds as they are depleted of 13C.
Spin echo is the first experiment that allows for a phase cycled measurement. Phase
cycling with NV center based magnetic resonance is not the same as is done in traditional NMR.
The phase cycling with NV centers ultimately relies on the relative phase between the ending π/2
pulse of consecutive measurements. The phase of the pulse chooses which population states the
coherences map onto. It determines if the planar components of the spin vector are mapped onto
the negative or positive z axis. Phase cycling can be done in a couple of ways depending on the
experimental equipment available. The simplest method is to perform a normal spin echo
measurement, and then have the following spin echo sample have the second π/2 pulse changed
to a 3π/2 pulse. Another way is to phase shift the second π/2 pulse 180° relative to the second π/2
pulse of the previous measurement. This will result in the same information being collected but
inverted. The data of two consecutive points can be subtracted to remove any sort of laser
instability or MW instability. This same method applies to any sort of dynamic decoupling.
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2.6.2 Double Electron-Electron Resonance
If a portion of the spin environment can be manipulated such that the free evolution of
one of the sides of the spin echo is different from the other, the refocusing will fail or be less
effective. Another prevalent defect in the diamond lattice is the previously mentioned P1 center.
The P1 center is a substitutional nitrogen with an unbonded electron. Both particles have nonzero
spin, the nitrogen have different spin depending on the isotope (spin-1 for 14N and spin-1/2 for
15

N). The electron always has spin-1/2. The gyromagnetic ratio of the nitrogen is usually too

small to generate any appreciable magnetic field given a usually low nitrogen concentration for
our samples. The accompanying electron spin however does generate a signal that can be
detected using the means mentioned above. If the first half of the spin echo evolution goes
normally, and the second half has a π pulse applied to the P1 center electron spin’s resonance
frequency, the second evolution interval will not fully refocus as it is not evolving in the same
environment. This is known as Double Electron-Electron Resonance (DEER). A secondary MW
source can apply a pulse during the second portion of the spin echo at a range of frequency and
recover a spectrum for the electronic spin environment.
The most prevalent electronic spin in most diamonds is the P1 center. As was mentioned
earlier, it can be ionized. When Ionized, it is expected that this signal will disappear. This
provides a means to directly measure the amount of ionized nitrogen in the diamond. A
complication occurs in that both defects, the NV and P1, undergo charge state dynamics with
green illumination. As was shown in Section 2.4.3 and Dhomkar et al13., NV experiments can be
done with low power red laser light if a green pulse is applied at the very beginning of any
sequence to recharge the NV- charge state. The NV and P1 charge dynamics are induced with a
long green pulse followed by a DEER measurement to read out the P1 charge state through the
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amplitude of the signal. Additionally, the
other defect under consideration, the SiV
center, could be observed. While the SiVdoes not have a particularly long T1 at
room temperature, the SiV0 does have one
that is appreciable and should be possible
to detect if prepared in a high enough
concentration or hyperpolarized through
optical or other means. With the SiV0 able
to be detected, it could be possible to

Figure 2.6.3: Double Electron-Electron Resonance
with NV centers. (a)The DEER sequence is a spin
echo sequence where the spin environment is altered
in the refocusing time by applying MW pulses to the
P1 centers with another MW source. (b) The
frequency of the MW source is varied and a dip in
fluorescence is observed when the MW is resonant
with a P1 transition. The P1s are hyperfine couple to
14
N and have a magnetic field angle dependent
hyperfine coupling. This results in a spectrum
consisting of five resonance lines.

manipulate the SiV0 spin state through the
NV. This would allow the quality spin
properties of the NV- center to be combined
with the quality optical properties of the SiV0.
2.6.3 Dynamic Decoupling
A limitation of the spin echo sequence

is that it is very insensitive to high frequency signals. Going back to the discussion of sensitivity,
the phase accumulation of the spin echo is the sensing time for this sequence. While the spin
echo does allow for one to pick out certain frequencies from the environment, this is done by
choosing the accumulation time to be a multiple of the Larmor period. Additionally, the
frequency resolution of any sensing that is done is limited by this sensing time. For a low
frequency signal, a long sensing time needs to be used, providing lower sensitivity. For high
frequencies, the sensing time is much shorter, providing a higher sensitivity. A way to address
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this problem is to use another method from traditional magnetic resonance, multi-pulse dynamic
decoupling. The simplest form of this is CPMG. This uses the idea of applying multiple
refocusing pulses separated by a time interval τ. This operates on the same principle of the spin
echo, but with more π pulses between the two π/2 pulses. This increases how frequently the
signal is refocused and allows higher frequency signals to be sensed for longer durations.
Due to the high number of pulse used in dynamic decoupling, the MW frequency and
pulse durations need to be very accurate or any errors in a pulse will accumulate with each pulse
and the signal will be lost. A way around this is the use of different types of dynamic decoupling
sequences. There are many different times of dynamics decoupling sequences that center around
the idea of alternating the phase of the MW π pulse in a pattern to correct for any imperfections
created by previous pulses. The most popular/notorious of the sequences in the NV field is XY-

Figure 2.6.4 Some examples of Dynamic Decoupling Sequences. A few the of the Dynamic
decoupling sequences used in NV center-based sensing. The sequences are based around a
series of uniformly space π pulses. The phase of the MW signal generator is changed to help
correct for pulse errors. The relative phase between pulses is denoted by the color of the
pulse. A basic building block of pulses is repeated N times.
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8, however there are many others that have been adapted from magnetic resonance. A
comprehensive discussion of different dynamic decoupling sequences can be found in Souza et
al118.
An excellent discussion of dynamic decoupling in the context of NV centers and some
unintended consequences of using such sequences is given by Loretz et al82. Specifically, the
issue of spurious harmonics. The dynamic decoupling sequences consists of many π pulses of
duration tπ separated by some finite duration τ. The NV center’s electronic spin is always
interacting with its environment, even during the finite π pulses. This adds two complications.
The apparent frequency that one is probing using these dynamics decoupling sequences is shifted
in the case where the pulse spacing τ is on the same order as tπ. Revivals and collapses will not
occur at the expected position, unless the pulse separation timing used accounts for the finite
duration of the pulse. This is ultimately a trivial problem.

Figure 2.6.5 Comparison of XY8 and XY16 for different NVs. XY8 and XY16 were performed on a series of
NVs, the difference in the spectrum was found to be quite dramatic due to the spurious harmonics of these pulse
sequences.

However, a much larger problem arises when the time evolution that occurs during the finite
pulse duration is considered. Interactions, that should be filtered out and refocused by the pulses
of the sequence can lead to signals of different frequencies being allowed through the filter. This
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has signal appearing at frequencies that are not reflective to the actual frequency of the signal.
These harmonics are typically 2,4, and 8 times the lock-in frequency of the dynamic decoupling
sequence. This is very problematic for NV sensing, specifically for any sort of external sensing.
The most prevalent spin to interact with the NV is 13C. This isotope’s gyromagnetic ratio is very
close to one-fourth the gyromagnetic ratio of 1H. This has led to misattribution of signal to
hydrogen spins although the signal was generated by carbon spins. This can be circumvented by
changing the phase of the π pulses so that different harmonics or formed82 or changing the phase
of the first π/2 pulse so that certain harmonics are suppressed119. Additionally, this problem can
be completely avoided by changing the detection method. Switching to a method that directly
detects the free precession of a target spin, such as correlation spectroscopy, does not have the
problem of spurious harmonics and has many other desirable features.
2.6.4 Correlation Spectroscopy
The signal observed in dynamic decoupling is the result of an averaged interaction with
some magnetic field oscillating in time. Correlation spectroscopy works on the principle that the
phase accumulated in successive dynamic decoupling sequences is correlated in time. By looking
at the phase accumulated in successive dynamic decoupling states, the time dependent magnetic
field can be reconstructed from NV PL. This can be done in two ways.
One sequence for correlation spectroscopy consists of a pair of dynamics decoupling
sequences. The dynamic decoupling sequences have fixed interpulse spacing τ100,101. The
separation between the sequences is varied. The fluorescence is read out after the end of the
second dynamic decoupling sequence. The resulting fluorescence time trace is dependent on the
correlation function between the phases accumulated in the two dynamic decoupling periods. An
important property that provides a significant advantage for this technique is that, after the first
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dynamics decoupling sequence, all the information we are interested in is mapped onto the
populations of the NV center spin. The methods sensing time is limited by the T1, not the T2. The
signal amplitude is determined by how strong the interaction between the NV and the target spin,
which is determined by the length of the dynamic decoupling sequence. Spectral resolution is
limited by the T1.

Figure 2.6.6. High Resolution Correlation Spectroscopy of 13C with an NV center. (a) A pair
of spin with τ fixed so that they occur at a minimum in the ESEEM. The delay between the
two, labelled 𝜏̃ , are varied. A very important change from the normal spin echo is that the
relative phase between the first and second π/2 pulses needs to be 90°. (b) The fluorescence
time trace recovered from this sequence reveals the free precession of the spins that caused
the minimum in the ESEEM, in this case a 13C. (c) The magnitude of the Fast Fourier
Transform (FFT) of (b) with two peaks. One attributed to the Larmor precession of 13C and
the other caused by strong hyperfine coupling.
This spectral limit can be circumvented by using nearby nuclear spins as a memory in the
interrogation time between the sequences. Nuclear spins typically have much longer T1 than
electronic spins. At the end of the first dynamic decoupling sequence, the spin state of the NV
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electronic spin can be swapped with the spin state of a nearby nuclear spin, typically the host
nitrogen. The interrogation time occurs as usual. Just before the second dynamic decoupling step,
the swap occurs again, returning the information to the NV center so the correlation between the
first step can be performed. During this interrogation time, the NV spin will relax, but the
information, the NV spin populations at the end of the first dynamic decoupling sequence, is
stored on the long lived nuclear spin. The relaxed NV does provide an additional problem to any
sort of sensing of strongly coupled spins. This noise source now serves as a decoherence for the
target spins. Dissipative decoupling has been implemented in a few ways to remove this
problem. The NV can be optically pumped at a very low rate. The NV can be ionized from NVto NV0. A method that uses no optical pulses at all is to apply periodic microwave pulses
resonant with the NV spin flip transitions. This engineers an environment such that the target
spins experience a net zero magnetic field from the NV.
An alternative method provides an unlimited spectral resolution. Instead of correlating
the phase accumulation of two consecutive and reading out once, a dynamic decoupling
sequence can be readout and the fluorescence time tagged and plotted in sequence15,98,99. If the
Dynamic decoupling sequence and readouts occur in phase with the target signal and at the same
point in the oscillation on every average, the signal can be reconstructed, and is unlimited in
terms of spectral resolution. Signal amplitude is, again, determined by the interaction time in the
dynamic decoupling sequence. This approach is very similar to traditional magnetic resonance. A
carrier frequency is defined by the lock in frequency of the dynamic decoupling sequence and
any signals detected appear at a frequency given by the detuning from the carrier to the natural
frequency of the signal. The bandwidth of the sensor is defined by the sampling rate, the inverse
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of the separation between consecutive measurements. Here is where a bias in different methods
of sensitivity enhancement appears.

Figure 2.6.7 Phase Coherent Correlation Spectroscopy of an AC calibration magnetic field. (a) A
train of dynamic decoupling sequences and readouts follows some sort of RF pulse. This could
be a π/2 pulse to a target nuclear spin, or a trigger pulse to a signal generator in burst mode for
sequence calibration. What is critical is that the magnetic field that is being sensed is in phase
with the with the pulse dynamic decoupling sequences, and when the sequence is repeated the
readouts occur at the same point in time of the RF magnetic field. (b) The time trace of the
correlation spectroscopy of an AC magnetic field at 1.8 MHz with an amplitude of 1 μT that was
averaged for 8 hours. The burst duration was shorter than the total measurement time. The “turn
off” of the AC field can be observed at the end of the time trace. (c) The FFT of (b). The
fundamental frequency and two harmonics are observed.
In this method, how long a readout takes and how long the pulse sequence takes can have
negative impacts on the experiment. If the aim of the experiment is to provide a wide spectral
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range with high resolution, the only way to improve sensitivity and maintain this constraint is to
use many NVs. Readout enhancement techniques typically increase the readout time of an
experiment reducing the bandwidth. Working with long T2 NVs also negatively impacts the
bandwidth. To detect signals with a sizable bandwidth, either more NVs need to be added to the
sensing volume to increase the sensitivity or the amplitude of the detected signal needs to come
up. The latter suggestion seems rather counter intuitive; however, it is a technique that has been
used in magnetic resonance in the past with polarization techniques called Dynamic Nuclear
Polarization (DNP). While a large amount of work has been done to try and transfer the NV’s
polarization to other spin species, there has been no success in transferring the polarization from
the NV to bulk macroscopic fluids. Hyperpolarized electron spins have been detected in a crystal
resting on the diamond surface117. Detection of bulk hyperpolarized fluids has not been done.
My ongoing work covers this field. The aim is to use phase coherent correlation
spectroscopy to detect microscopic volumes of hyperpolarized water. Using a custom grown
diamond with roughly 1 ppm concentration of NV centers, Glenn et al.15 were able to detect the
normal Boltzmann polarization of a few liquids using the technique of phase coherent correlation
spectroscopy. In our lab we can perform the technique of phase coherent correlation
spectroscopy however we do not have access to the type of sample used in that work.
Diamond samples with <1 ppm nitrogen concentration have been characterized with the
aim of using them for this experiment. It is important to note that these types of samples usually
have around .1 ppm N in them and have N to NV conversion efficiency of about .5%95. This
leads to a NV concentration of a few ppb. A few samples of this type have been characterized
and their sensitivities measured through monitoring the noise floor of the Fourier transform of a
correlation measurement with a calibration AC signal. This is like an Allan plot. The noise level
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is plotted as a function of measurement time and fit to the above function for sensitivity.
Sensitivities are found to be around 20

𝑛𝑇
√𝐻𝑧

. A strange behavior is observed when the number of

pulses used in the dynamic decoupling sequence is changed. Ideally, with a longer sensing time
in the dynamic decoupling sequence the sensitivity should increase. I observed an increase to a
maximum and then a drop in sensitivity depending on the interaction time of the dynamic
decoupling sequence. I believe this to be some artifact of caused by MW amplitude instability,
laser power instability, or a reduction in state fidelity after a large number of imperfect pulses.
Although this is a moderately high sensitivity, it is worth going over the amplitude of the
hyperpolarized dipolar field. Hyperpolarization is characterized by its enhancement over thermal
polarization. The method of hyperpolarization we are using is the Overhauser effect. It has a
𝛾

theoretical maximum enhancement for water of 𝛾 𝑒 ≈ 660.62 However, at lower magnetic fields,
𝐻

say 500 G, one usually only get around 100 or so enhancement when using the standard DNP
agent, TEMPO. This can be modelled by assuming that the spin is experiencing a magnetic field
that is 100 times stronger than the actual bias field. The magnetic field can be calculated from by
considering the magnetic field generated by a dipole and what portion of this field is projected
along the NV axis.

⃗ ∙ 𝜇̂
𝐵
𝑁𝑉 =

𝜇0 3(𝑟̂ ∙ 𝜇̂
𝑁𝑉 )(𝑟̂ ∙ 𝜇 ) − 𝜇 ∙ 𝜇̂
𝑁𝑉
3
4𝜋
𝑟

Here, 𝜇̂
𝑁𝑉 is the NV symmetry axis unit vector, 𝜇 is the magnetic dipole moment of a
target hydrogen nuclei, and 𝑟̂ is the unit vector pointing to the nuclei from the NV. This is for a
single dipole, since we are dealing with what is effectively a continuous distribution of
magnetization, instead of summing over many dipoles we can integrate over this continuum.
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Additionally, we can factor out the magnitude of 𝜇 and separate the problem into a purely
geometric integral multiplied by a constant that depends on the polarization of the nuclei. This
geometric integral is given by:

𝐺 = ∫ ⅆ𝑉′
𝑉

̂ ∙ 𝜇̂
̂
3(𝑟′
𝑁𝑉 )(𝑟′ ∙ 𝜇̂ ) − 𝜇̂ ∙ 𝜇̂
𝑁𝑉
3
𝑟′

With V being the volume of the sample and 𝜇̂ is the unit vector for the magnetic moment of the
target nuclei. Strictly V should be given by a hemisphere of infinite radius. The constant factor is
given by:

𝐶=

𝜇0 𝜌𝛾𝐻
2𝛾𝐻 𝐵0
×𝜖
4𝜋
𝑘𝐵 𝑇

The first fraction describes the magnitude of the magnetic field assuming the water is fully
polarized. 𝜌 is the density of the hydrogen nuclei in the sample and 𝛾𝐻 is the gyromagnetic ratio
of the hydrogen nucleus. The second fraction described the degree of polarization. B0 is the bias
magnetic field, T is the ambient temperature, kB is the Boltzmann constant, and 𝜖 is the
enhancement factor of the hyperpolarization process. The magnetic field sensed by the NV
center is given by the product of C and G.
The geometric integral imposes some constraints on the experiment. Before going any
further, it is worth setting up the coordinate system for discussing the geometric integral in some
detail. The z-axis is defined as the surface normal of the diamond, regardless of the cut of the
diamond. The transverse axes can be set arbitrarily so they are set to most conveniently represent
the vector of the different possible NV orientations. The magnetic field is always assumed to be
aligned with the NV center symmetry axis. The direction of the magnetic field defines the
direction of the magnetic moments of the target spins assuming no additional pulses.
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Calculations for [111] and [100] cut diamonds were done. All orientations of NV centers in the
[100] diamond are equivalent in terms of dipolar field projection, so only one orientation was
considered. [111] diamonds show two dramatically different behaviors in terms of magnetic field
along the NV axis. The NVs parallel to the surface norm and only one of the other orientations
are considered since the remaining orientations are equivalent. Two conditions on the magnetic
moment of the target spin; parallel and perpendicular to the NV axis. If the target moment is
parallel to the NV axis this is detectable through Electron Nuclear Double Resonance (ENDOR)
or DEER if the target is an electron spin. During free precession the target spins are
perpendicular to the magnetic field and to the NV axis. This can be prepared by applying a π/2
pulse to the target spins.

Figure 2.6.8: Dipolar field amplitude as a function of NV depth and orientation. The above
equation is integrated for different depths of NVs. The bias field is set to 421 G and the DNP
enhancement is set to be 100. (a) The dipolar field amplitude projected along the NV axis from
an infinitely large bath of hydrogen spins whose magnetization is perpendicular to the NV axis.
(b) The same as (a) but the nuclear magnetization is parallel to the NV axis. (c) The dipolar field
generated by the radicals in a ~10 mM of TEMPO at the site of the NV. No DNP enhancement is
considered, and the magnetization of the electrons is parallel to the NV axis.
The limits of integration are symmetric in x and y and made to be effectively infinite. In
the z direction, integration runs from the depth of the NV layer to an effectively infinite height.
After performing this integration for the three orientations considered above for perpendicular
target spins, it is clear that a [100] sample provides the highest possible signal of roughly 10 nT
at 10 μm deep NVs with a DNP enhancement of 100. NVs parallel to the surface normal of a
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[111] sample provide exactly zero signal in the same situation because of the symmetry of the
integral. Also, the magnetic field generated by the electron radical in our DNP agent, TEMPO, is
~25 nT, if the spins are parallel to the NV axis, at the prescribed 10 μm. It should be possible
with the samples available, with no alterations, to detect the Boltzmann polarization of water
with TEMPO concentration typical for DNP experiments (~10 mM) using DEER experiments.
With the amplitude of the target field pinned down, and that field being within the
achievable sensitivity, the experiment needs to be realized physically. In order to confine the
liquid in a small volume and keep it in the same location near the diamond for a long time, a
microfluidics chip was designed. The chip has
a chamber for the fluid to reside that is sealed
with a large diamond by a UV curing glue.
Running through the length of the chip are a
pair of 150 μm wide flow channels that
connect the chamber to an external reservoir of
water and TEMPO solution. A slow but
constant flow of water is applied through the
chip to avoid evaporation of the water or photo
Figure 2.6.9. Microfluidics chip for detection of
hyperpolarized water. The Microfluidics chip (MF)
is 3-D printed with a transparent plastic. The back of
the chip(left) is mostly featureless except for a pair
of access ports for the fluid to flow in and out of.
The chip is 1.8 cm wide and 3.2 cm long. These
dimensions were chosen so the chip could be
mounted in out setup. The front of the chip has an
opening to a 2.5x2.5x1.3 mm chamber. This opening
is sealed with either a piece of glass with a sample
adhered to it or a diamond sample itself. Trenches
circle the chamber to prevent the sealing glue to leak
into the chamber and cover the surface of the sample.
Ridges are added to the sides to allow access for
connecting of MW waveguides.

destabilization of the TEMPO radicals after
long exposure to high power laser.
One side of the diamond is fixed to the
chip, taking care to get no glue inside the fluid
chamber. The other side of the diamond has a
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loop of copper wire to apply MW and RF signals. The objective is focused through the loop onto
the opposite side of the diamond that is in contact with the water. To provide a homogenous
magnetic field over the sample volume, a pair of permanent magnets are placed on opposite sides
of the diamond at an angle of 54.7° relative to the diamond’ surface normal to provide the bias
field for our experiments.
The experimental sequence follows the phase coherent correlation model from the
perspective of the NV center. However, the rest of the systems, the hydrogen nuclei in the water,
and the radicals in the TEMPO require some manipulation. Before the correlation sequence
starts, the DNP process needs to take place. The details behind how the Overhauser effect works
is covered in Slichter.62 Experimentally, the electron spin transitions of the radical need to
saturated with MW for roughly one second. At this point the hydrogen nuclei are hyperpolarized.
To induce free precession, a π/2 pulse is applied to the hydrogen nuclei and the correlation
sequence begins. π pulses can be applied to the hydrogen to generate echoes to provide longer
sampling time.
As of writing this the experiment has not worked. A complication is that, in the current
configuration, it cannot be known if the MW saturation for the DNP is on resonance unless we
detect the water signal, and it cannot be known if the RF pulses on the water are tuned correctly
unless the water is detected. A way around this is to integrate a table top magnetic resonance
spectrometer into the system. This will allow for calibration of the portion of the sequence that is
not related to the NV to calibrated independently. It will also allow the impact of laser light to be
on the water to be measured independently. The pulses for the hydrogen can be generated and
optimized using such an instrument. Alternatively, we could resort to using a TEM to irradiate
the samples and improve the sensitivity and help localize the NV concentration near the surfaces
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of the diamond. This may require a change in detection method if the fluorescence becomes too
intense. The experimental setup can be adapted to no longer being a confocal microscope to help
collect more light.
2.7. Conclusions
The NV center has been shown to be useful in the field of quantum sensing specifically in
the field of AC magnetometry. Techniques such as dynamic decoupling can be used to record the
frequency spectrum of statistically polarized spins, and correlation spectroscopy can record a
free induction decay(FID) of statistically polarized and thermally polarized signals. The NV
center’s spin state hinges on its charge state and optical cycling dynamics. The NV- can be
hyperpolarized and have it spin state readout optically thanks to the defect’s spin state selective
intersystem crossing rates. These dynamics can be exploited to provide an alternative means to
readout the spin state, by correlating the spin state and the charge state. This spin-to-charge
conversion(SCC) can be applied to NV ensembles. The SCC method has been characterized for
use in ensembles and shows a sizable improvement for long sequences with duration lasting over
a few ms. This method can be improved by using higher readout laser powers with the goal of
optimizing the fluorescence and ionization rate such that the sensitivity can be maximal. Another
approach would be to use, localized ensembles of NV in bulk to address the issue of optically
under saturating and oversaturating the NVs in different focal regions.
Additionally, the spin state and charge state can be correlated for another purpose. The
spin state of the host Nitrogen’s nuclear spin can be correlated to the charge state through charge
state selective hyperpolarization and used as a auxiliary memory for the NV based memory
platform. Additionally, this spin state is robust against optical ionization and recharge of the
defect center. The NV- spin properties can be used to probe the NMR and EPR properties inside

90

and outside the diamond. Using techniques like DEER, the magnetic resonance spectrum of P1
centers can be detected, and it may be possible to observe charge state dynamics of the P1
centers through this technique.
Extensive work has been done on calibrating and characterizing the phase coherent
correlation spectroscopy technique. Work is still ongoing to use this methodology to detect
hyperpolarized fluids. Microfluidics have been designed to help aid in confining the small
volume. This work has not proved successful yet, due to some limitations in photon collection
efficiency and NV density, limiting the sensitivity of the samples used for this experiment. Other
methods of sample preparation may be used to further increase the sensitivity, such as ion
implantation to generate more NVs. Not much improvement in sensitivity is needed and,
theoretically, the sensitivity available is good enough to detect the roughly 10 nT signal of
hyperpolarized water. However, the available sensitivity requires measurement times on the
order of 8 hours to reach reduce the noise floor to something useful. This is partially due to
inhomogeneities and gradients in the bias field. Addition of shimming coils could greatly reduce
the magnitude of the gradient and inhomogeneity.
Returning to the discussion of charge dynamics, the charge state dynamics of NV and
SiV centers are measured directly by monitoring the PL under laser excitation as a function of
time. Carrier dynamics such as trapping, and diffusion are observed through confocal imaging of
the NV- and SiV-. The carriers diffusing and being trapped are determined by applying a bias
electric field to induce drift dynamics which segregate the carriers. From these measurements, it
is determined that electron capture of silicon vacancy neutral is observed. The charge patterns
formed in these experiments can be formed deterministically with NV and SiV. The dynamics of
the SiV- ionization process are being investigated in detail in ongoing work.
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The charge state of the NV is directly controllable at the point of excitation. This allows
one to go to any point in the diamond and control its charge state. This is put to use in proof of
principle experiments displaying the utility of defects in semiconductors as a long term optical
memory platform. A robust characterization of read/write times and actual data storage capacity
has yet to be performed and no binary encoded information has been written and read out yet.
The data storage can be greatly increased by implementation of super-resolution microscopy.
Work is ongoing to show diffraction unlimited charge state control of NV centers. Without
resorting to some sort of super resolution microscopy, the platform could already be improved by
selecting different wavelengths for readout to decrease readout time. Write times could be
increased by switching to a single photon ionization process and ionizing with a blue laser.
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